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1.  INTRODUCTION 
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I'he  C^I  System 

A  FORCE  MULTIPLIER  &  DECISIVE 
ELEMENT  IN  PRESERVING  PEACE. 
&  IF  NECESSARY.  IN  WINNING 
THE  WAR 


FORCE  APPLICATION 


The  Rome  Laboratory  is  the  Air  Force’s  center  of  expertise 
for  advancing  the  state-of-the-art  in  command,  control,  com¬ 
munications,  and  intelligence  (C^I).  This  mission  is  accom 
plished  by: 

1 .  Conducting  vigorous  research,  development,  and  test  pro¬ 
grams  in  all  applicable  teci  iogies. 

2.  Transitioning  technology  to  current  and  future  Air  Force 
systems  to  improve  operational  capability,  readiness,  and 
supportability. 

3.  Providing  a  full  range  of  technical  support  to  AFSC  prod¬ 
uct  divisions  and  other  Air  Force  organizations 

4.  Conducting  selected  acquisition  programs  for  low  volmne, 

limited  quantity  intelligence  and  software  systems. 

The  Laboratory  maintains  leading  edge  technological  exper¬ 
tise  in  the  following  areas:  surveillance,  commiuiications,  com¬ 
mand  &  control,  intelligence,  reliability  science,  electromag¬ 
netic  technology,  photonics,  signal  processing,  and  computa¬ 
tional  science. 

The  Laboratory  is  organized  into  four  major  staff  directorates 
and  four  mission  directorates:  Surveillance  and  Photonics, 
Command  Control  &  Communications,  Intelligence  &  Recon¬ 
naissance  and  Electromagnetics  &  Reliability.  We  recognize 


that  a  sy‘-*‘''-n  approach,  integrating  efforts  across  the 
Laboratory  ■'rganizational  stmcture,  is  required  to  develop  ef¬ 
fective  C‘^I  systems. 

As  an  Air  Force  laboratory,  we  are  committed  to  provide  the 
technical  leadership  in  the  transition  of  new  technology  to 
warfighting  systems.  Tliis  is  accomplished  by: 

•  Conducting  long-tenn,  high-payoff  research 

•  Developing  technologies  for  product  development  and 
maintenance,  and 

»  Providing  in-house  technical  expertise  for  the  Air  Force. 
We  create  Science  and  Technology  (S&T)  programs  in  re¬ 
sponse  to  our  users’  requirements,  higher  headquarters 
guidance,  and  our  own  enlightened  view  of  high-payoff 
technologies. 

The  Rome  Laboratory  Journal  is  published  annually  to  ac 
quaint  the  technical  community  with  the  outstanding  research 
and  development  carried  out  by  this  laboratory.  The  pajx'rs  con¬ 
tained  in  Section  II  are  reprints  of  publications  that  appeared  in 
refereed  journals  in  1991.  We  have  also  included  in  the  Journal 
abstracts  of  otlier  publications  (Section  III ),  abstracts  of  patents  is¬ 
sued  to  Rome  Laboratory  persontiel  in  1991  (Sectioti  IV),  and  a 
listing  of  Rome  Laboratory  Technical  Rejxarts  (St'ction  V). 


11.  JOURNAL  PUBLICATIONS 


OPTICAL  SWITCTi  VG  WITH  PHOTOREFRACTIVE  POLARIZATION 

HOLOGRAMS 


Q.W.  Song,  M.C.  Ijec.  and  P.J.  Talbot,  Dc|)iirtinenl  of  Electrical  and  Coinpiitcr  Engineering,  Syracuse  Univcisity 
l*ublistKxl  in  Optics  Letters,  16,  #16,  1228,  15  August  1991 


Abstract  -  A  switching  technique  using  the  polarization  sensitivity  of 
photorefractive  holograms  in  crystals  is  experimentally  demonstrated.  Vie 
design  Ls  capable  of  handling  a  large  number  of  2x2  switching  channels  with 
only  four  holograms.  The  concept  is  applicable  to  either  synchronous  or 
asynchronous  switching  and  also  to  a  variety  of  photorefractive  materials. 


1.  INTRODUCTION 

As  the  needs  for  more  complex  and  higher  bandwidth  net¬ 
works  in  communication  and  computing  continues,  the  re¬ 
search  into  high  performance  optical  interconnection  networks 
has  become  more  and  more  active'  “  .  The  unique  features  of 
optical  interconnection  such  as  high  bandwidth  and  parallelism 
make  it  very  attractive  for  many  applications.  Currently,  many 
practical  interconnection  architectures  are  based  on  a  large 
number  of  2x2  switches^^^ 

In  this  paper  we  describe  a  massive  switching  architecture 
which  can  implement  a  laige  number  of  2x2  switches  in  a  single 
crystal.  The  method  of  switching  is  based  upon  the  polarization 
sensitivity  of  crystal  volume  holograms.  The  advantage  of  a 
polarization  switch  is  its  symmetry  with  respect  to  binary  logic 
and  its  theoretical  cascadability  and  energy  conservation*'*^ 
While  the  reconfiguration  time  of  the  system  is  limited  by  the 
speed  of  available  spatial  light  modulators  (  currently  in  ms  to 
ps  range ),  the  large  bandwidth  (GHz)  and  the  simplicity  of  the 
architecture  makes  it  applicable  to  a  number  of  applications. 

2.  PROPERTIES  OF  CRYSTAL  VOLUME 
HOLOGRAMS 

We  first  discuss  some  basic  properties  of  crystal  volume 
holograms.  For  transmission  holograms,  we  assume  that  two 
writing  beams,  R  (reference  beam)  and  S  (signal  beam),  enter  a 
photorefractive  (Z  cut)  material  as  shown  in  Fig.  1  (a). 

In  the  recording  process,  two  vertically  polarized  laser  beams 
(ordinary  light),  represented  by  their  wave  vector  Ki  and  K2 
respectively,  interfere  within  the  photorefractive  crystal.  A 
volume  hologram  represented  by  the  wave  vector  K3  is 
generated  as  shown  in  Fig.  1  (a).  In  the  reading  process,  if  we 
read  the  hologram  with  beam  Ki  then  the  beam  represented  by 
the  wave  vector  K2  is  reconstructed.  However,  if  the  polariza¬ 
tion  of  the  reading  beatn  is  changed  to  the  horizontal  directiott 


(extraordinary  light)  then  the  corresponding  wave  vector  inside 
the  crystal  will  be  Ki’.  The  Ki’  beam  reads  the  hologram  K3. 
Bragg’s  condition  requires  that  the  diffracted  wave  vector  K2’ 
fonn  a  closed  triangle  with  Ki’and  K3  (i.e.,  momentum  conser¬ 
vation).  However,  the  normal  surface  of  the  ctystal  prohibits 
K2’.  This  mismatch,  AK  as  indicated  in  Fig.  1  (a),  results  in  a 
sharp  decrease  in  diffraction  efficiency.  Referring  to  the 
coupled-wave  theory  derived  by  Kogelnik*^\  the  dephasing 
measurement  d  is  given  as 


d  =  K3COS((j)  -  0;) 


=Ar3Cos(  (J)  -  &;)  -  ^ 


where  <}>  is  the  angle  between  grating  K3  and  the  propagation 
direction  (y  axis  in  Fig.  1),  6s  is  the  angle  between  the  signal 
beam  and  the  propagation  axis,  k  is  the  diffracted  wave  vector 
K2’  in  Fig.  1  (a).  Note  that  when  the  Bragg  condition  is  satis¬ 
fied,  6  equals  zero.  When  the  Bragg  condition  is  not  met,  we 
can  expand  in  a  Taylor  expansion  to  the  first  order.  There¬ 
fore,  6  in  the  above  case  can  be  approximated  as 

d  =  -^M  .  (2) 

2K^ 

Let’s  further  assiune  that  the  multiple  diffraction  process  can 
be  neglected  for  a  multi-exposure  hologram.  Tire  problem  can 
be  treated  with  the  weak  coupling  approximation.  Thus  the 
nonnalized  diffraction  efficiency  for  transmission  holograms 
can  be  expressed  as 

sin^'/  v^+  ^  ^ 


where  v=  nn\d/X  /cos6s  cos0r  ,  ^  d/2cos0.v  ,  «i  is  the 
amplitude  of  the  spatial  modulation  of  the  refraction  index,  X  is 
the  wavelength,  0r  and  0s  are  the  angles  between  propagation 
direction  and  reference  and  signal  beams  respectively,  d  is  the 
thickness  of  crystal,  and  6  is  the  dephasing  measurement  as 
defined  in  equation  (1).  For  the  weak  coupling  approximation 
(i.e.,  |v|  «  IQ  )  equation  (3)  can  be  simplified,  giving 

q  =  v^  sinc^  ^  .  (4) 


In  designing  an  optical  switch  using  the  polarization  sen 
sitivity  of  the  crystal  hologram  the  parameter  of  interest  is  the 
diffraction  efficiency  ratio,  that  is,  the  ratio  of  the  diffraction  ef¬ 
ficiency  for  vertical  polarization  .vs.  that  for  horizontal 
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polarization.  Note  that  the  Bragg  condition  is  perfectly 
matched  when  writing  and  reading  using  the  same  reference 
beam.  Referring  to  Fig.  1  (a),  if  we  read  the  hologram  using  the 
Ki  beam  (vertical  polarization)  then  AK  equals  zero  and  so  does 
i^i.  .  On  the  other  hand,  if  we  read  the  hologram  using  Ki’ 
(horizontal  polarization),  AK  does  not  equal  zero.  So  we  can 
write  the  di^'  -action  efficiency  ratio  as 


The  mismatch  Ak  can  be  expressed  as 


I  Ak|  =  i  OB|  -  I  OP| 


[V  -  i  ] 

^  tic^P/'  +  nu'Py* 


n  1 1  _  _yj  I  ~sinc^^  _  v  1 1  ^sinc^  ^ 
n  -1-  V  X  '  S!  1  tC  0  V  X  ^ 


The  first  null  of  the  diffraction  efficiency  ratio  occurs  at  n 
and  is  given  by 


In  order  fr.  use  the  holograms  as  binary  optical  switches,  we 
must  find  the  angle  where  the  diffraction  efficiency  ratio  is  as 
small  as  possible.  In  other  words,  when  the  polarization  is 
changed  from  vertical  to  horizontal  the  diffracted  light  is 
"turned  off".  The  selectivity  of  the  holograin  can  be  obtained  as 
follows.  For  transmission  holograins,  referring  to  Fig.  1  (a)  and 
using  Snell’s  law,  we  can  calculate  the  y  and  z  component  (  Ky, 
K/)  for  grating  K3  as 

(Ky,  Kz)  = 

2  2  2  ^  2 
no  -sin  as  -  v  no  -sin  aiO-  (6) 


4cos0sk 


Ak  =  71  , 


2  2^ 

where  K3=  K/+Ky  “  is  the  amplitude  square  of  the  grating  vec¬ 
tor.  From  equation  (6),  (7)  and  (9)  we  can  calculate  the  incident 
angles,  as  and  ait ,  where  the  diffraction  efficiency  ratio  is  zero. 
For  example,  with  no=  2.286,  n<-=  2.200  for  a  LiNbO.t  crystal  of 
d=  1  cm  and  X=  633  nm  the  first  null  occurs  at  as=  30°,au= 
34.1°. 

Similarly,  for  reflection  holograms,  the  nomialized  diffrac- 
tioit  efficiency  can  be  expressed  as 


Let  the  y  and  z  component  of  the  desired  vector  Ka'  be  (Py, 
P/);  using  vector  algebra  we  find  (Py,  P/)  easily 

(Py,P,)=Kr+K3  = 

I  sinas  no  sin^as  +  (~  “  1  no  ^  "  sin^au  |  .  (7) 

no 


However,  the  nonnal  surface  of  the  refractive  index  ellipse 

allows  only  the  wave  vector  OB.  The  index  ellipse  is  given 
,0(6) 


1-CVv- 

sinh'/  V- 


v=  j  mnd/X  sinOs  ,  ^=0d/2|  Cs  1=  dK3  x  Ak/4cos0sk‘ 

For  the  weak  coupling  case  (i.e  ,  |  v  |  <  <  |  ^  |),  equation  (8)  can 
be  reduced  to  the  following  expression 

r)=|  V  j  \inc"C-  (12) 


2  *  2 
no  n,. 


Referring  to  Fig.  1  (b),  the  selectivity  of  the  hologram  can  be 
derived  as  for  the  transmission  hologram.  The  resulting  equa¬ 
tions  follow 


Solving  the  equations  (7)  and  (8),  we  have 


I  OB  I  =  no  n,- 


P/.  ^  >  Py  ^ _ 

nc  ^  X  '  +  no  "Py  " 


7*7  O  J  ^  2 

I'o"  -  sin"  a.s  -  v  no"  -  sin  au 

/  2  ~2  1 

+  —  V  n,.  -  sin  ai<  ) 

tie 


|OB|  =  no  n,  ' 


P/"  ^  Py" 

■> 

no"P/"  +  !v"Pv" 


OP  I  =  V  P/  +  py- 


I  OP  I  -  V  P,"  +  Py", 
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and 


I  Ak  I  =  I  OB  1  -  I  OP  I 


^  +  Fy-  [■/  .  .  ‘  .  -  1  ]. 

'  IlO^P/-  +  II, 'Pv' 


(13) 


Tlie  nulls  of  diffraction  efficiency  ratio  occurs  at  ^  =  nn  and  is 
given  by 


dK3 

4  cos  0  s  k“ 


Ak  +  nn  . 


Again  the  first  null  of  the  sine  function  of  reflection  hologram 
occurs  at  n.  For  example,  with  n„=2.286,  ni-=2.2()0  for  a 
LiNbO.r  crystal  of  d=  1  ctn  and  k~  633  nm  the  first  null  occurs 
at  as=  30°  atid  air=  32.2°.  From  the  above  calculations,  we  see 
that  the  width  of  the  first  lobe  of  the  transmission  hologram  is  a 
little  larger  than  that  of  reflection  hologram  at  as=  30°.  This  is 
due  to  the  fact  that  the  orientation  of  the  refractive  index  ellipse 
of  transmission  and  reflection  holograms  are  different.  As  we 
can  see  from  the  above  discussioti,  the  diffraction  efficiency  of 
crystal  volume  hologram  is  very  sensitive  to  the  polarization  of 
the  reading  beam.  If  the  wave  vector  of  the  hologram  and  that 
of  the  reading  beam  are  carefully  chosen,  the  diffracted  beam’s 
intensity  viiiually  drops  to  zero  when  the  polarization  of  the 
reading  beatn  is  changed.  This  phenomenon  is  exactly  what  we 
want  to  achieve  frotn  an  optical  directional  couplitig  switch. 


3.  OPTICAL  POLARIZATION  DIRECTIONAL 
COUPLING  SWITCH 


Tlie  principle  of  an  optical  polarization  coupling  switch  using 
holograms  is  illustrated  in  Fig. 2.  The  grating  vectors  AP and  BP 
are  written  in  the  photorefractive  crystal  with  vertical  and  hori¬ 
zontal  polarizations,  respectively.  When  the  grating  AJ^  is  read 
out  with  wave  vector  OA  using  vertical  polarization,  the  dif¬ 
fracted  beam  is  denoted  by  its  wave  vector  PC.  On  the  other 
hand,  this  vertically  polarized  reading  beam  contributes  almost 
no  light  in  the  PD  direclioti.  This  results  becau.se  the  mismatch 
AK  is  so  large  that  the  diffraction  efficiency  in  the  PD  direction 
IS  virtually  zero.  Similarly,  if  the  grating  BP  is  read  out  with  the 
.same  reference  Ix’am  R  but  in  llu'  horizontal  ix'lari/ation,  the 


wave  vector  inside  the  crystal  is  OB  and  the  corresixinding  dif¬ 
fracted  wave  vector  is  changed  to  PD. 

Thus,  by  chatiging  the  polarization  of  the  reading  beam,  we 
can  read  different  gratings  inside  the  crystal.  Since  differetit 
gratings  result  in  diffracted  beams  in  different  directions,  an  op¬ 
tical  directional  coupling  switch  can  be  realized  in  this  simple 
fashion.  Notice  that  in  the  above  process,  the  direction  of  the 
re.iding  beam  before  entering  the  cry'stal  is  unchanged.  Cur¬ 
rently,  there  exist  a  number  of  spatial  light  modul.itors  available 
to  achieve  this  end,  such  as  electrically  addressed  MOD,  LCTV, 
and  optically  addressed  LCLV  and  MSLM.  Referring  to 
Fig. 3(a),  we  have  expanded  the  above  concept  in  recording  four 
such  gratings  in  the  crystal.  Tliey  are  designed  in  such  a  way 
that  by  changing  the  polarization  of  reading  beam  R|,  the  dif¬ 
fracted  beam  goes  in  the  A  or  B  direction,  respectively.  Simi¬ 
larly,  by  changing  the  polarization  of  reading  beaiti  R2,  the  dif¬ 
fracted  beam  also  goes  to  A  or  B  direction,  resjiectively. 

Therefore,  by  changing  the  polarization  of  a  single  beam,  we 
can  switch  (or  direct)  it  to  either  one  of  the  two  predetermined 
directions.  In  other  words,  the  crystal  holograms  function  as  a 
2x2  switch  that  c.iti  connect  any  one  of  the  tw  o  inputs  to  any 
one  of  the  two  outputs.  The  circuit  analogy  of  the  above  is 
given  in  Fig. 3(b).  Tlie  total  nimiber  of  switch  channels  that  can 
be  handled  by  the  crystal  hologratn  is  basically  limited  by  the 
number  of  resolvable  spots  of  the  diffracted  be.ims.  Accorditig 
to  the  Rayleigh  criterion*^',  the  minimum  angle,  aniin,  Ivtween 
two  resolvable  beatns  is  0.61X/r  ,  where  k  is  the  wavelength, 
and  r  is  the  di.imeter  of  the  diffracted  beam.  Consider  tw  o  jiar- 
allel  circular  optical  beams  that  are  incident  oti  a  cry'stal  surface. 
Assume  that  the  output  beams  emerging  from  the  other  side  of 
the  crystal  are  also  parallel.  If  an  observation  plane  is  placed  at 
a  distance  z  from  the  back  plane  of  the  crystal  then  the  mini¬ 
mum  separation  between  these  two  circular  IxMins  is  given  by 
diimi=0,6l  kzjr.  The  number  of  optical  switch  channels  is  deter¬ 
mined  by  the  radius  of  the  optical  beam,  the  size  of  the  crystal, 
the  distance  between  the  crystal  and  the  observation  plan,  and 
the  wavelength.  For  example,  if  we  require  the  observation 
plane  to  be  5  mm  away  from  the  crystal,  the  resolution  on  the 
plane  tobe  dmin  =  0.01  mm,  and  use  an  Argon  laser  12  tun) 
the  diameter  of  the  signal  IxMins  would  be  r  =  l.'iO  pm.  There¬ 
fore,  fora  crystal  of  area  l.5cmx  1 .5  cm  alxxit  1 0'^  signal  chan¬ 
nels  can  lx*  achieved.  Further,  the  numlx'r  of  channels  could  Ix' 
dminatically  iticreased  by  using  a  larger  crystal. 

Becau.se  of  the  storage  capacity  and  re.solution  of  a  crystal 
hologram,  tnillions  of  2x2  switches  can  be  built  on  a  small  crys¬ 
tal.  These  switches  can  lx*  addressed  either  synchrotiously  by  a 
thick  beam  of  light,  or  asynchrotiously  through  spatial  light 
modulators.  The  fonner  method  has  the  advantage  of  massi\e 
parallelism  while  the  latter  is  more  flexible. 


4.  EXPERIMENTAL  MEASUREMENTS 


„  .  siii2aR  X  sin20R 

Tair-*ne  = - - - 

sin2(aK  +  0r  )  X  cos'C  aR  -  0r  ) 


To  illustrate  the  feasibility  of  the  above  discussed  concept,  we 
measured  the  switching  behavior  of  the  crystal  hologram  using 
the  experimental  setup  as  shown  in  Fig.4.  Tlie  laser  beam  is  di¬ 
vided  into  two  parts  by  a  polarizing  beant  splitter.  Two  half¬ 
wave  plates  were  placed  at  the  two  outputs  of  the  beam  splitter 
to  rotate  the  polarization  of  the  optical  beams,  hi  the  recording 
process,  the  polarization  of  both  reference  and  signal  beams  are 
the  same.  In  the  reading  process,  we  first  blocked  out  the  signal 
be?m;  then,  we  measured  the  diffracted  light  from  the  reference 
beam  in  vertical  and  horizontal  polarizations,  respectively.  A 
piece  of  Z  cut  LiNbOs  crystal  ( 1  cm‘^)  was  employed  as  the  re¬ 
cording  medium.  Because  of  the  sensitivity  and  high  accuracy 
of  volume  holograms  two  parameters  were  being  used  to  de¬ 
scribe  the  incidental  laser  beams  instead  of  as  and  air  in  figure 
1 .  One  is  the  write-in  angle  which  is  the  angle  between  the  ref¬ 
erence  beam  R  and  the  signal  beam  S  (2a  in  Fig.  4).  Tlie  other 
parameter  is  the  normal  angle  which  is  the  angle  between  the 
crystal  surface  and  the  line  that  bisects  R  and  S  (P  in  Fig.4). 

The  write-in  angle  was  confined  at  between  1 8.4°  and  23.2  °. 
This  angle  limitation  is  due  to  the  diameter  of  the  laser  beam 
(0.5  cm)  and  the  size  of  the  crystal  ( 1  cm'V  For  each  of  the 
write-in  angles  given  above,  seven  measurements  were  con¬ 
ducted  by  rotating  the  crystal  at  2°  steps.  The  wavelength  was 
633  nm  (He-Ne  Laser).  The  intensity  of  diffracted  beam  was 
measured  by  a  power  detector. 

Figure  5  plots  the  theoretical  and  experimental  diffraction  ef¬ 
ficiency  ratio  of  vertical  polarization  over  horizontal  polariza¬ 
tion  vs  normal  angle  p.  Eq.(5)  modified  by  the  transmittance 
behavior  at  the  two  boundary  planes  is  employed  to  provide  the 
theoretical  prediction  as  given  by 

n  I  I  _  T,iir-»iK;  XTiK-,->aif  X  v[  psinc  ^ 

Tair-»iK)  XTiK)->air  X  VX 

where  Tair->iK)  is  the  transmittance  for  a  vertical  polarized  refer¬ 
ence  beam  from  air  to  crystal,  TiK)->air  is  the  transmittance  for  a 
vertical  polarized  signal  beam  from  crystal  to  air,  Tair— ik-,  is  the 
transmittance  fora  horizontal  polarized  reference  beam  from  air 
to  crystal,  and  Tm^— air  is  the  transmittance  for  a  horizontal  po¬ 
larized  signal  beam  from  air  to  crystal.  Referring  to  Fig.  1  (a), 
these  values  can  be  obtained  as  following 

,  sin2aR  x  sin20R 

Tair-*no  = - 

sin2(aR  +  0R  ) 


Tno-»air 


sin2a.s  X  sin20s 
sin2(a.s  +  0.s  ) 


sin2as  X  sin20s 

Tne-»air  - - - - 

sin2(as  +  0s  )  X  cos'fas  ~  0s  ) 

Tlie  optimum  perfomiance  for  switching  is  acliieved  by  find¬ 
ing  the  minimum  of  the  above  equation.  For  clarity  and  due  to 
the  window  size  of  the  crystal  only  two  sets  of  data  are  pre¬ 
sented  in  Fig.  5,  2a=  18.4°  and  2a=23.2°. 

The  two  curves  in  Fig.5  follow  essentially  the  sine  function. 
As  can  be  see  from  equation  (14),  the  diffracted  efficiency  ratio 
is  about  one  when  the  nonnal  angle  is  at  90°  and  it  decreases 
rapidly  to  zero  when  the  normal  angle  approaches  105°.  That 
the  experimental  values  are  less  than  the  theoretical  ones  is  due 
to  assumptions  made  in  the  associated  coupling  wave  theory. 
The  assumption  is  that  there  is  a  small  absorption  loss  and  a 
slow  energy  interchange  between  the  coupled  waves  (R  and  S) 
and  the  theory  does  not  consider  the  second  order  tenns  in  the 
wave  equations  (R"  and  S").  Furthermore  the  laser  beam  is 
Gaussian;  where  as,  the  coupled  wave  theory  assumes  plane 
waves. 

The  significant  role  of  AK  in  the  evaluation  of  the  diffraction 
efficiency  ratio  is  apparent  from  our  results.  At  a  fixed  nonnal 
angle  the  larger  the  write-in  angle  the  higher  the  AK  which  in 
turn  gives  a  smaller  efficiency  ratio.  Also,  at  a  fixed  write-in 
angle  the  larger  the  difference  between  the  nonnal  angle  and 
90°  the  larger  the  AK  which  again  gives  a  smaller  efficiency 
ratio.  In  this  polarization  optical  switch,  a  small  efficiency  ratio 
results  in  a  the  large  signal  to  noise  ratio,  that  is  a  large  distinc¬ 
tion  between  signal  "on"  and  noise  "off’.  In  practice,  the  choice 
is  limited  by  the  configuration  of  the  optical  system  and  the  size 
of  the  crystal.  As  demonstrated  in  our  experiment  for  a  1  cm' 
LiNbOs  crystal,  an  efficiency  ratio  of  less  than  0.01  ( i.e.,  the 
"on"  and  "off  ratio  larger  than  100)  can  be  easily  achieved. 
This  is  adequate  for  many  binary  operations. 

5.  CONCLUSIONS 

The  technique  of  using  polarization  sensitive  holograms  to 
impleinent  a  large  number  of  2x2  optical  switches  on  a  single 
crystal  has  been  described.  The  method  has  several  positive  at¬ 
tributes.  First,  polarization  optical  switching  provides  theoreti¬ 
cal  cascadability  and  energy  conservation.  Second,  the  free 
space  optics  offers  a  very  large  bandwidth.  Finally,  the  design 
requires  only  four  holograms  which  can  yield  high  diffraction 
efficiency.  The  development  of  better  and  larger  photorefrac- 
tive  crystals  may  further  improve  the  technique. 
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II 


(a)  Transmission  Hologram 


(b)  Reflection  Hologram 


I'ig.  1  Wave  vec(or  diagram  of  a  crystal  volume  hologram:  (a)  traiismissirai  lK>logtam,  (h)  reflection  tiolognim. 
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Diffraction  efficiency  ratio 


power  detector 

o 


Fig.  4  Experimental  setup  for  the  ineasunnent  of  diffraction  efficiency  ratio. 


Fig.  5  Diffraction  efficiency  ratio  of  vcrticai  polarization  over  tiorizonlaf  polari/alion:  solid-line  llieotviical  prediction,  doLs-cx|icriiiK-nlal  n-siilt.s 
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OPTICAL  BAND  GAP  OF  THE  TERNARY  SEMICONDUCTOR  Sii-x-^GexC^, 


KiclumI  A.  Son-I,  lilwIriiiiiiii'iK-lics  A  Kcliatulily  Dinxionilc,  Koiiic  Latwralory 
Piiblislicd  in  Jotinial  of  Applied  Physics,  Vol.  70,  No.  4,15  August  1991 


Abstract  -  Single-crystal  alloys  of  diamond  with  Si  and  Gc  are  investigated  the¬ 
oretically.  An  indirect  band  gap  rls  Al  is  found  for  the  new  semiconduc¬ 

tor  Sii  X  .  fjCxCy  over  most  compositions  X  and  y,  with  an  indirect 
rjs'  ->  //|  gap  found  for  the  remaining  compositions.  The  estimated  band 
gaps  span  the  0.62-5.5-c  V-rangc  Predictions  are  made  for  Ixuid  gap  versus 
lattice  parameter  in  the  new  alloy  semiconductors  .Si  i  JC,  toid  Gel  jCx. 


Diamond  is  an  elemental  group-IV  insulator  (wide  gap  semi¬ 
conductor)  with  a  lattice  parameter  of  3.545  A,  a  parameter 
much  smaller  than  the  lattice  size  of  Si  (5.43 1  A)  or  Ge  (5.646 
A).  In  this  communication,  we  investigate  an  optical  property 
(tlie  minimum-energy  gap)  of  crystalline  alloys  of  diamond  witJi  Si 
and  Ge,  including  the  new  ternary  semiconductor  Si  i  -  ,v  -  vGe^Cy. 
The  interpolation  approach  of  Soref  and  Perry,*  which  was  de¬ 
veloped  for  Sii-.c-yGe.vSny,  is  used  here,  with  the  energy  bands 
of  diamond  replacing  the  a-Sn  bands  in  the  calculation. 

Although  the  semiconductor  Si  i  -  ^  -  yGe.tCy  has  never  been 
grown,  modem  heteroepitaxy  techniques  will  probably  allow  a 
thin  layer  of  crystal  SiGeC  to  be  grown  on  a  Si,  Ge,  or  diamond 
substrate.  The  epilayer  would  be  commensurately  strained,  or 
strain  relieved,  depending  upon  its  composition  and  thickness. 
Coherent  strain  in  a  Si  i  -  ^  -  yGe^Cy  epilayer  might  be  facilitated 
by  growing  the  layer  on  an  alloy  buffer  layer  of  Sii  -  xCx  or 
Si  1  - -  t/GcpCq,  etc.  In  this  communication  we  shall  investigate 
the  properties  of  bulk  unstrained  SiGeC  at  room  temperature. 
Tlie  band-gap  narrowing  or  dilation  that  occurs  due  to  strain  is 
a  subject  for  future  study. 

The  energy-band  structure  of  diamond  was  calculated  in 
1975  by  Brener"  using  the  screened-exchange-plus-Coulomb- 
hole  method.  His  approach  gave  good  agreement  between  'he- 
ory  and  experiment,  especially  for  the  important  Pis'-  TVs 
transition  [7.6  eV  (theory)  versus  7.3  eV  (experiment)]  and  the 
r^5'~  transition  [5.6  eV  (theory)  versus  5.5  eV  (experi¬ 
ment)].  Tlierefore,  starting  with  Fig.  3  of  Brener,^  we  obtained 
realistic  valence-  and  conduction-band  energies  at  several  criti¬ 
cal  points  in  the  Brillouin  zone,  as  listed  in  Table  I.  [Tlie  1983 
calculation  of  Jones  and  King'^  gives  an  incorrect  value  (6  eV) 

for  the  direct  gap  of  diamond,  but  their  .Yi, /.“i,  I'b 
eigenvalues  may  be  more  accurate  than  those  in  Table  1]  Tlie 
table  also  contains  the  corresponding  energies  for  Si  and  Ge  that 
were  taken  from  Li  and  Lin  Chung'*  as  explained  in  Ref  1 ,  In  Si 
and  C,  the  conduction  band  mininuun  is  in  the  (100)  direction 


near  A 1  and  Xi  with  the  minimum  lying  -5%  lower  tlian  the  Xi 
zone  boundary  value.  In  Table  I  we  use  the  experimental  indi¬ 
rect  gaf)s  of  1.  13  eV  for  Si  and  5.5  eV  for  C  to  represent  the 
Xi-Ai  saddle  point,  while  0.72  e'V  is  assumed  for  Ge  at  Xi-Ai. 
Gennanium  has  a  (1 1 1)  conduction-band  minimum  at  the 
L-zone  boundary  (0.62  e'V).  The  light-  and  heavy-hole  valence 
bands  are  degenerate  at  the  P^s'  valence-band  maximum  in  Si, 
C,  and  Ge.  Now,  we  follow  the  same  procedure  as  in  Ref.  1  to 
generate  diagrams  of  critical-point  energies,  estimated  band  gap 
versus  lattice  parameter,  and  ternary  band  gap  versus  comfxsi- 
tion. 

In  Fig.  1  the  critical-point  energies  are  arrayed  in  a  vertical 
column  for  each  elemental  semiconductor.  Then,  the  corre¬ 
sponding  points  are  connected  by  straight  lines  to  yield  the  in¬ 
terpolated  values  for  the  binary  semiconductor  alloys 
Gei-tSi.t,Si|.ACv,  and  Ci-AGex.  We  take  PVs  ,  as  the  zero  refer¬ 
ence  for  each  material,  a  procedure  that  is  acceptable  for  deter¬ 
mining  the  forbidden  band.  However,  in  a  helerostmcture  de¬ 
vice  it  would  be  important  to  know  the  Si/Ge,  Si/C,  and  C/Ge 
valence-band  offsets,  as  well  as  the  conduction-band  offsets. 

Next,  in  Fig.  2,  we  show  a  magnified  view  of  Fig.  1  that  in¬ 
cludes  only  the  highest-lying  valence  band  and  lowest-lying 
conduction  band.  Again,  a  linear  fit  between  the  elemental  data 
points  was  used  The  lightly  sliaded  areas  in  Fig.  2  reveal  that 

the  gap  is  indirect  P^5'  -•  Af  for  most  compositions  (.r)  of  the 
three  binary  alloys.  The  darkly  shaded  areas  near  the  Ge  line 
show  that  the  gap  is  indirect  P25'  -*  A^  for  the  compositions 
0<  X  <  0. 16  in  GeiSii .  land  0.96  <  x  <  1.00  in  GcaCi-.i. 

Having  estimated  the  energy  gap  versus  composition  x  for 
the  tliree  alloys,  we  employ  the  well-known  approximation  that 
the  lattice  constant  of  the  binary  alloy  A  i  -  xBx  is  (  1  -  ar)  O/i  + 
xan.  This  rule  enabled  us  to  plot  the  fundamental  gap  as  a 
function  of  lattice  parameter  for  the  crystalline  alloys 
Gei-iSiv,  Sii-iCi,  and  Ci-jGei.  To  check  the  accuracy  of  our 
method,  we  plotted  Eg  vs  ai  on  linear-versus-linear  scale,  and 
we  compared  the  calculated  value  of  Eg  for  Sio  5C0  5  material 
with  the  experimental  Eg  value  (at  300  K)  for  the  stoichiometric 
IV-IV  semiconductor  P-SiC.  It  was  found  that  the  calculated 
value  of  3.4  eV  was  50%  larger  Uian  the  observed"**  2.25-eV  in¬ 
direct  gap  of  cubic  SiC,  which  called  into  question  the  validity 
of  the  linear  interpolation. 
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TABLE  1.  Conduction-  iukI  valcTK'c-baiid  energies  (eV)  at  critical  ixriiils  in 
Brillouin  zone  Tm-,  is  used  as  tlx-  zero  of  ewrgy 


r  ^  ' 

i-3 

x'k 

i~>  c 

r  I.*) 

X'z-Af 

f'l 

rS- 

Ge 

-2.28 

-3.10 

0.00 

2.66 

0.72 

0.62 

0.75 

Si 

-2.44 

-3.37 

0.00 

2.66 

1.13 

1.71 

2.88 

C 

-  3.50 

-7.50 

0.00 

7.60 

5..50 

13.50 

18.10 

I'ig  1.  Composite  energy-liand  diagram  for  (ie,  Si.  and  diamond,  slwwing 
critical-ixiinl  eiu-rgics  arrayed  on  oik  liix-  for  each  clenxaital  inatchal. 
f'jx'rgies  for  hiiiiiiy  alloy  semieoiKliiclors  an-  also  iixlicatcel 


I'ig  2  linlarged  view  of  I'ig.  I  showing  the  mdireel  gaps  P’s  and 


I'ig.  3.  lixlircct  liaixl  gap  of  llx‘  alloy  semicoixlix'lors  CieATi  j,  Si/'j  aixl 
Ge.tSii  i  as  a  function  of  lattice  parameter.  An  exixinential  fit  of 
Gc-C-Si  data  was  used. 

To  obtain  better  agreement  between  theory  and  practice,  we 
tried  a  nonlinear  curve  fitting  of  the  elemental  Ai-gap  data 
points.  We  plotted  Eg  as  a  function  of  a^,  on  logarithmic-ver- 
sus-linear  scales,  and  we  used  straight-line  segments  to  connect 
the  Ai  gap  points,  with  the  result  shown  in  Fig.  3.  Here,  the  gap 
increases  exponentially  with  increasing  carbon  concentration. 
In  Fig.  3  it  is  seen  that  Sio.sCo  5  material  (whose  lattice  constant 
is  4.488  A)  has  a  predicted  gap  of  2.5  eV,  which  is  close  to  the 
actual  P-SiC  value  of  2.25  eV,  This  agreement  gave  us  confi¬ 
dence  in  the  validity  of  the  Fig.  3  exponential  approach;  thus  we 
attempted  to  predict  the  band  gap  of  a  new  semiconductor. 


I'ig  4  IiidincI  energy  giip  nf  llx'  ix'w  leniiiry  .semicoixluelor  Si  i  t  died'i 
(diiiiiKiiKl  hilliee)  .i.'i  n  fiux'lion  of  eiHn|xisilion  t  aixl  y 
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cubic  GeC,  which  has  never  been  grown^.  If  we  examine  the 
Geo.sCo  5  alloy  in  Fig.  3,  whose  lattice  constant  is  4.596  A,  we 
predict  a  band  gap  of  2. 1  e  V  for  cubic  GeC.  Further,  if  we  apply 
the  exponential  fit  to  an  alloy  of  diamond  and  tin  we  find  that 
£^.(Ai)~  1.2  eV  for  cubic  SnC  at  the  5.017-A  lattice. 

Finally,  we  can  estimate  the  band  gap  of  the  ternary  semicon¬ 
ductor  Sii-,i.yGexC^  from  our  Fig.  3  result  for  the  gaps  of  binary 
alloys.  On  a  three  dimensional  (3D)  graph  (Fig.  4),  the  band 
gap  of  the  ternary  is  displayed  on  the  vertical  axis,  while  the 
horizontal  axes  represent  composition  x  and  y.  All  compositions 
are  located  within  an  (x.y)  triangle:  The  line  (0,y)  signifies 
Sii-jCy,  the  line  (x,0)  signifies  Sii-.tGe^,  and  the  line  x+  y  =  I 
represents  Ge^Ci-^.  The  3D  surface  of  ternary  gap  in  Fig.  4 
consists  of  a  "wire  frame"  with  an  elastic  sheet  stretched  be¬ 
tween  the  three  wires.  Each  wire  is  a  2D  representation  of  Eg 
for  one  of  the  three  binary  alloys.  We  find  in  Fig.  4  that  all  ter¬ 
nary  gaps  are  indirect,  primarily  to  Ai,  the  remainder  being  in¬ 
direct  to  L\.  Since  visible  light  spans  the  photon  energies  of 
1 .77-3.  10  eV,  we  see  that  the  absorption  edges  of  the  materials 
in  Figs.  3  and  4  cover  the  near-infrared,  visible,  and  near-ultra¬ 


violet  ranges,  a  property  that  should  be  useful  for  electro-optical 
device  applications. 

In  summary,  we  have  used  interpolation  between  the  critical- 
point  band  energies  of  diamond,  silicon,  and  germanium  to 
estimate  the  fundamental  band  gap  of  a  new  crystalline  semi¬ 
conductor  alloy  Sii-jc-yGe^Cy. 

I  wish  to  thank  F.  Namavar  of  Spire  Corporation  for  helpful 
and  stimulating  discussions  of  ternary  diamond  alloys.  I  am 
also  grateful  to  C.  H.  Perry  of  Northeastern  University  for  help¬ 
ful  comments  on  the  manuscript. 

REFERENCES 

1.  R.  A.  Soref  and  C.  H.  Perry,  J.Appl.  Phys.  69,  539  (1991). 

2.  N.  E.  Brener,  Ptiys.  Rev.  8  11,929(1975). 

3.  R.  Jones  and  T.  King,  Philos.  Mag.  B  47, 481  (1983). 

4  Y.  I  .i  aiKl  P.  J.  Lin-Chimg,  Ptiys.  Rev.  B  27,  3465  (1983) 

5  HR  Pliillipi-UKl  E  A  Taft,  in  Silicon  Carbide,  A  IlijdiTeiiiiieraUire  Senu- 
condiiclor,  edited  by  J.  O'C'oiukt  and  J.  Siiullens  (PiTgiuiKin,  New  York, 
1'960),  i>p  3(>6-370 

6  A  Moninolo,  T  Kalaoka,  M.  Kuineda,  aixl  T  Sliiiiiirii.  Philos.  Mag  B 
50,517(1984). 


17 


PREDICTED  BAND  GAP  OF  THE  NEW  SEMICONDUCTOR  SiGeSn 
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Abstract  -  The  direct  and  indirect  band  gaps  o/Sii  j.j*  Gc^iSnj,  are  inferred 
from  the  calculated  energy-  band  structure  of  a-Sn  and  from  the  known  struc¬ 
tures  of  Ge  and  Si.  Our  assumptions  are:  that  the  energy-band  shapes  of  the 
binaries  Sni.iGe^.Gei  -ySiji  and  Sii  change  smoothly  with  x  and  y,  and  that 

the  energy  gap  of  SiGcSn  can  be  estimated  by  interpolation  from  the  gaps  of 
SnGe,  GeSi,  and  SiSa  The  optical  indices  of  refraction  of  SiGcSn  are  also 
estimated 


Efforts  have  been  made  in  recent  years  to  alloy  a-Sn  with  Ge 
or  Si,  but  it  has  been  difficult  to  stabilize  Sn  in  the  alloy  lattice 
because  the  lattice  parameter  of  grey  tin  is  6.489  A  compared  to 
5.646  A  for  Ge  eurd  5.43 1  A  for  Si.  Nevertheless,  there  is  hope 
of  stabilizing  Sn  by  growing  a  thin,  strained  layer  of  SnGe  or 
SiSn  on  a  substrate  of  Si  or  Ge  or  Sn.  Such  growth  would  prob¬ 
ably  require  chemical  beam  epitaxy  or  metalotganic  chemical 
vapor  deposition. 

Strained  layers  of  Sn-alloy  semiconductors  would  undoubt¬ 
edly  find  application  in  optoelectronics,  judging  from  the  suc¬ 
cess  of  the  related  material  Gei-^Su,  which  has  been  grown  on 
(100)  Si.*  We  speculate  in  this  communication  that  the  new 
ternary  semiconductor  SiGeSn  will  prove  to  be  a  useful  ma¬ 
terial  in  both  optics  and  electronics.  We  propose  that 
Sii-.t-yGe.tSny,  could  be  grown  on  Si  or  Ge  (with  or  without 
buffer  layers  to  take  up  some  of  the  strain),  and  we  suggest  that 
heteroepitaxy  could  be  used  to  make  ternary  heterostructures 
Sii-t-yGe.tSny/Sii-|>-,jGe;)Srvy  (including  superlattices)  for  opto- 
electronic  devices.  Recently,  Wegscheider  et  al  have  reported 
the  growth,  structure,  and  optical  properties  of  single-crystal 
SnGe  superlattices  on  Ge(  100)  substrates. 

In  assessing  the  usefulness  of  SiGeSn  for  optoelectronics,  it 
is  important  to  understand  the  energy-band  structure  of  the  ter¬ 
nary,  and  to  predict  the  compositional  dependence  of  the  funda¬ 
mental  optical  band  gap  (Eg),  including  the  range  over  which 
the  gap  is  indirect  (E  ’g).  The  second  step  is  to  determine  the  op¬ 
tical  properties  of  SiGeSn,  especially  the  index  of  refraction  (n), 
so  that  the  prospects  for  optical  waveguiding  can  be  assessed. 
We  shall  make  theoretical  predictions  for  both  Eg  and  n  in  this 
paper.  The  case  of  bulk,  unstrained  SiGeSn  is  investigated,  and 
the  modifications  due  to  strain  are  discussed. 

Energy-band  calculations  for  a-Sn  were  made  by  Li  and  Lin- 
Chung  using  the  Slater-Koster  parameter  (SKP)  model.  In 
order  to  check  their  technique,  they  reproduced  the  known  band 
a) 


Structure  of  Ge  and  Si.'*  From  their  results  (Figs.  1  -3  of  Ref.  3), 
we  have  constructed  in  Fig.  1  the  energy-band  diagram  of 
a-Sni-jGe4:,Gei-ySiy,  and  Sii-^  a-Sn^  as  a  function  of  composi¬ 
tion  X,  y,  and  z.  In  this  figure,  we  show  the  energies  of  the  high¬ 
est  lying  valence  bands  (v.b.)  and  the  lowest  lying  conduction 
bands  (c.b.)  for  the  a-Sn-Ge-Si  system  at  the  T-,  X-,  and  L-crit- 
ical  points,  respectively.  For  each  element  (a-Sn,  Ge,  Si),  the 
eigenvalues  are  displayed  on  a  vertical  line.  Line  segments  are 
used  to  connect  the  corresponding  critical-point  energies,  a  pro¬ 
cedure  that  reveals  our  assumption  that  the  v.b.  and  c.b.  shapes 
change  smoothly  with  composition;  x,  y,  and  z. 

By  convention,  F^s'  is  taken  to  be  zero  eV.  In  Fig.  1 ,  the  solid 
lines  show  the  Eg  direct  gap  (Fz'-  Fzs  ),  while  the  E\  gap 
(Ll'  -  Vi  )  is  encompassed  by  the  dashed  lines  and  the  Ei  gap 
(Xi  -  X4)  by  the  dotted  lines.  The  E'g  indirect  gap  is  defined 
as  the  lowest  point  of  the  conduction  band  not  at  the  F  point 
with  respect  to  the  zero-eneigy  F^s'  point.  The  E\  gap  is  very 
close  to  the  L  point  in  all  three  elements.^  The  £2  gap  is  situated 
in  a  saddle  point  between  At  and  Xj  along  the  [100]  direction 
for  0<y<L  This  £2  behavior  holds  for  a-Sn  (Ref  5)  and 
presumably  for  compositions  x  and  z. 

Dispersion  curves  similar  to  those  calculated  by  Li  and  Lin- 
Chung^  have  been  obtained  by  a  number  of  authors  using  local 
density  theory  of  electron  systems.  Wang  and  Klein^  compare 


Fig.  I .  Comtxisilc  cix-igy-lwiKl  (lingrain  for  tlirec  rlciiriil.il  somicoiKliiclors, 
Si,  Gr.  funl  a-Sti,  slniwing  jirojcctioii  of  critical-ixiinl  cigi'iivaliK's  ini 
otic  linr  foriacli  malrhal.  I  jKTgics  for  Fliiary  scinicoiHliicloni  art’  also 
iixlicalnl. 
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their  calculations  with  others  and  with  the  experimentally 
measured^  indirect  gaps  for  Si  and  Ge.  In  both  cases,  the 
theoretical  gaps  fall  below  the  experimental  values.  The  same 
is  true  for  Li  and  Lin-Chung^;  they  point  out  that  they  Irave  not 
compared  the  energy  values  from  the  SKP  model  for  a-Sn  with 
the  optical  data^’^  as  their  calculations  include  no  spin-orbit  in 
teraction,  which  is  larger  in  Sn  than  in  Ge  or  Si.  However,  tlie 
SKP  approach  allows  a  meaningful  interpolation  scheme  from 
material  to  material. 

In  Fig.  2,  we  have  slightly  modified  their  data  to  make  the 
r5'  conduction  band  degenerate  with  the  valence  band."' 
However,  the  electroreflectance  data  of  Cardona  etal.^  indicate 
some  discrepancy  with  our  zero-gap  assumption  as  they  suggest 
a  spin-orbit  splitting  of  -  0.35  eV  between  the  top  two  valence 
bands.  It  should  be  understood  that  there  is  a  margin  of  uncer¬ 
tainty  in  the  relative  locations  of  the  L\  and  fS'  points  with 
respect  to  r5.5'. 

The  indirect  gap  of  Si  originates  from  the  1. 13-eV  conduc¬ 
tion  band  minimum  located  between  Ai  and  Xi,  while  the  cor¬ 
responding  c.b.  minimum  for  Ge  is  at  0.68  eV  In  order  to  ob¬ 
tain  good  estimates  of  the  indirect  gap  values  from  Fig.  2,  we 
shall  multiply  the  Xi  values  of  Ref.  3  (1.32, 0.88,  and  1. 17  eV  in 
Fig.  1  )bythescalefactor0.82inFig.  2,  which  gives  1.13,0.72, 
and  0.96  eV  for  the  saddle  point  Ai  -  Xi  in  Si,  Ge,  and  a-Sn, 
respectively.  From  Fig.  2  we  now  detennine  the  direct  and  in¬ 
direct  energy  gaps  of  the  binary  materials.  The  estimated  band 
gaps  are  illustrated  by  the  shaded  regions  in  Fig.  2.  The  Fig.  2 
plots  imply  that  E'g  would  be  situated  near  the  Li  point  in 
Gei.  ySiy  for  0  <y<  0.  16,  in  Sii-z  Snj  for  0.4<  z  <  0.9,  and  in 
Sni-,v  Ge.y  for  0.45  <  x  <  1.  However,  E'g  would  be  at  the 
Ai -Xi,  saddle  point  for  0. 16  <  y  <  1  in  Ge  i-ySiy  and  for 


Fig  2  SaiiH’as  I’ig  1  except  iIk*  Xi  viihie.s  for  Si.  (»e,  and  a  Snaix'  scaled 
to  1  1 3, 0.72,  aiKl  0.96  c  V,  rt\si)eciivcly.  ;uk1  f  2.v  for  a-Sn  is  set  to  OcV 
Iliis  figiux’  shows  f’ft  vs  cv>in|K)sihon  lor  tlie  Innarii's 


LATTICE  CUNSFANT  (Angstrom) 

I'ig.  3-  (  alculale<i  haiul  gapol  lliebiiiiry  senucmuUk.iors(iei  Siu.  Su  v^'»Cv, 
;uul  Sii  ^Sn^  in  l>nlk  lutstnniKut  alloy  ciyslals  Solid  IiiK\s:  tim’d  gap 
Daslk’d  lineji;  iiuiin’d  gap  with  X  a’pR*senting  Ai-  Xi  to  Tzy  anti  /. 
signifying  Li  to  . 


0  <  z  <  0.4  in  Sii-;Sn3  only.  The  gap  is  “direct"  for  the  ranges 
0.9  <  z  <  I  and  0  <  .v  <  0.45  in  Si|.:Sn;  and  Siii-y  Gci,  res}x*c- 
tively.  However,  Tufte  and  Ewald  suggest  tliat  the  electrons  in 
a-Sn  at  room  temperature  belong  mostly  in  the  conduction 
band  minima  centered  close  to  the  Li  point  along  the  [111] 
direction.  Also,  a  value  of  0.08  eV  for  the  thermal  energy  gap 
of  a-Sn  at  0  K  has  been  found  from  galvanometric  studies. 
Consequently,  it  takes  only  a  small  modification  of  the  Z.i  and 
Fz'  lines  in  Fig.  2  for  the  direct  gap  to  become  indirect  close  to 
Li  for  all  .V  and  Z- 


Using  the  result  of  Fig.  2,  we  have  constnicted  in  Fig  3  (a) 
plot  of  energy  gap  as  a  function  of  lattice  constant  for  the  com- 
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I'lg.  4.  Pmliclrd  biiiul  g.'ip  of  llir  icnuiry  .M*micoiulud('r  Si  ,  v3  '»‘«Sii.  .is  ii 
fiukiion  of  coin|Kisllioii  xy  TIk*  iip|vr  slicct  is  tin*  indiR’d  Ai-.Vi  lo 
g«»p  Hk*  middle  slkTl  is  llic  I.\  lo  Tis  iiklircd  giip,  .nitl  llir  lowci 
sIk’cI  is  ilk'  f:  lo  r:,5  dircd  g.ip  Ilic  vcrlicul  lines  s1k>w  alt'ng  ihe 
coimxisilion  liiK*  v  ♦  v  *  1 
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pound  semiconductors  Sni-^e.t  and  Sii  jSnj  (not  previously 
known),  and  for  Gei-ySiy  (known  from  the  literature).  In  Fig.  3, 
we  used  a  piece-wise  linear  approximation  fo/  the  Eg  values 
taken  from  Fig.  2.  The  lattice  constant  of  each  binary  alloy  was 
assumed  to  follow  Vegard’s  law. 

The  Fig.  3  predictions  now  form  the  basis  for  detennining  Eg 
in  the  ternary  Sii-Ai-yGe^Sny.  We  have  constructed  a  three- 
dimensional  diagram  in  which  the  ’  axis  represents  Eg  of  the 
ternary,  the  x  axis  represents  Ge  concentration,  and  the  y  axis 
shows  Sn  concentration.  All  possible  temarys  are  found  within 
the  triangle  bounded  by  the  .r  =  0  line,  the  y  =  0  line  and  the 
X  +  y  =  1  line.  Starting  with  a  display  of  the  binary  results  of 
Fig.  3  on  the  3D  plot,  we  then  connected  the  perimeters  of  the 
Eg  sheet  with  a  set  of  pleines  (a  piece-wise  planar  approxima¬ 
tion).  The  planes  represent  regions  of  direct  gap,  indirect  A  -X 
gap,  and  indirect  L  gap.  This  is  shown  in  Fig.  4,  which  il¬ 
lustrates  the  linear  interpolations  between  our  SnGe,  GeSi,  and 
SiSn  findings. 

Turning  to  the  optical  properties  of  SiGeSn,  we  can  estimate 
the  refractive  index  using  a  simplified  Lorentz  oscillator  model 
for  the  electrons  at  subgap  photon  energies  /iv«  Ed-  We  can 

write  n^=  1  +  q}/E%  where  Ed,  is  the  effective  value  of  the 
direct  gap^  and  Q  is  the  effective  value  of  the  plasma  frequency 
of  the  valence  band  electrons.  According  to  Figs.  2(a)  and  2(b) 
of  Wang  and  Klein,^  -  1 1 .8  and  Ed  =  4.0  eV  for  Si,  16  and 
Ed  =  3.6  eV  for  Ge,  yielding  an  average  value  of  =  1 84  (eV)^ 
for  the  two  materials  {Ed  =  0  for  a-Sn).  Tliis  relation  is  valid  for 
low-to-moderate  concentrations  of  tin.  Consequently,  we  sliall 
consider  only  the  cases  for  which  Ed  >  2  eV.  Using  interpolated 
Ed  values,  we  predict  (for  example)  that  «=4.46  for  Sioo  Geo  ; 
Sno  2,  n  =  4.63  for  Sio..^  Geo.5  Sno.2  ,  ti=  3.70  for  Sio  sGeo  .s, 
n=  4.36  for  Sio.8Sno,2,  and  n=  4.82  for  Geo  «  Sno  2 

Coherent  strain  in  GeSi  is  known  to  reduce  the  indirect  band 
gap  compared  to  E'g,  of  the  unstrained  alloy.  A  thin  GeSi  layer 
on  Si  will  be  coherently  strained  if  its  thickness  lies  below  a 
critical  thickness  tc  given  by  an  empirical  relation  r,-  =  toAT"^^’, 


where  M  is  the  lattice  misfit  (in  percent)  of  SiGe  relative  to  Si 
and  fois  a  curve-fitting  parameter.  The  value  to  =  1200  Agives 
a  good  fit  to  the  experimental  data.  !f  we  piostulate  that  this  tc 
relation  holds  for  Gei-.vSn.i/Si  and  for  Sii-jSru/Si  (where  M  can 
reach  19.4%),  then  the  critical  thickness  will  fall  rapidly  from 
3.6  pm  to  9  A  as  the  Sn  content  is  increased  from  2%  to  20%. 
Thus,  for  Sn  concentrations  greater  than  20%  in  SiGeSn,  it  is 
likely  that  a  ternary  epilayer  on  Si  will  be  relaxed  rather  than 
coherently  strained  for  film  thicknesses  greater  than  a  few 
monolayers. 

In  summary,  we  have  calculated  the  direct  and  indirect  band 
gaps  of  the  new  ternary  semiconductor  Sii-A:-vGe,rSnv.  Inter¬ 
polation  between  the  critical-point  energies  of  Si,  Ge,  and  a-Sn 
was  used  to  estimate  the  gaps  of  the  binary  semiconductors 
Sni-.djet,  Gei-ySiy,  and  Sii-jSnz,  and  the  temaiy  gap  was  found 
from  interpolation  on  the  binaries.  The  gap  was  detennined  as 
a  function  of  composition  and  lattice  constant.  Tlie  calculation 
was  for  unstrained  crystals,  although  strain  is  expected  to  play 
an  important  role  in  optoelectronic  applications  where  strained- 
layer  heterostnictures  would  be  constmcted  on  a  Si  or  Ge  sub¬ 
strate.  C.  H.  Perry  was  supported  by  an  National  Research 
Council  Associateship  (Air  Force  Systerns  Command). 
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Abslraci  Aode-matching  and  beam-propagation  methods  are  used  to  analyze 
single-mode  operation  of  optical  GeSi-Si  and  Si-SiCh  semiconductor  rib 
waveguides.  We  determined  the  waveguide  dimensions  that  will  allow  only  the 
Jundamental  HEoo  or  EHoo  mode  to  propagate.  For  both  material  systems,  we 
find  tltat  the  rib  can  be  several  microns  wide  and  several  microns  high,  ihits  al¬ 
lowing  efficient  coupling  to  single-mode  fibers. 


1.  INTRODUCTION 

It  is  often  assumed  that  the  cross-section  dimensions  of  a  3-D 
rib  waveguide  must  be  similar  to  the  thickness  of  a  single-mode 
slab  waveguide  (made  from  the  same  material)  in  order  to  allow 
only  the  lowest-order  optical  mode  to  propagate.  This  assump¬ 
tion  is  incorrect,  as  demonstrated  in  this  letter.  The  single- 
mode-slab  condition  is  quite  restrictive;  hence,  it  is  fortunate 
that  the  slab  criterion  is  not  essential  for  monomode  rib 
propagation.  For  example,  if  the  slab  criterion  were  applied 
to  a  Si-on'Si02  rib  guide,  the  Si  guiding  layer  would  be  less 
than  0.3  pm  thick,  which  would  prevent  low-loss  coupling  of 
light  from  a  single-mode  glass  fiber  into  the  semiconductor  rib. 

The  problem  of  finding  single-mode  rib  conditions  is  similar 
to  the  task  of  determining  single-mode  propagation  in  single¬ 
material  fibers.  Such  fibers  were  investigated  about  1 5  years 
ago  [  l]-[4],  showing  that  indeed  single-mode  waveguides  with 
"large"  cross  sections  are  possible  even  for  a  large  index  step 
between  core  and  cladding.  The  fact  that  a  single-mode  rib 
guide  can  be  several  microns  high  and  several  microns  wide  has 
not  been  recognized  generally  in  the  optics  literature.  To  rem¬ 
edy  this  deficiency,  we  shall  present  illustrations  that  reveal  the 
specific  dimensions  of  large  single-mode  ribs  in  real  semicon¬ 
ductor  systems. 

2.  ANALYSIS 

We  shall  focus  on  two  types  of  semiconductor  wave  guides: 
silicon-on  insulator  (SOI)  and  GeSi  Si  hetero-structures. 
Numerical  examples  will  be  given  for  mono-mode  guiding  in 
group- IV  materials,  but  the  results  apply  with  little  modification 
to  III- V  semiconductor  ribs.  Generally,  we  find  that  monomode 
propagation  of  the  HEoo  or  EH(X)  mode  is  feasible  at  multi¬ 
micron  dimensions  provided  that  the  ratio  of  rib  width  to  rib 
height  is  properly  chosen. 


^2aX- 


Fig.  1 .  Cross-scctioii  of  rib  waveguide. 


Fig.  1  shows  the  cross  section  of  the  rib  guide  analyzed  here. 
The  rib  width  is  designated  as  2dK  and  the  inner  rib  height  is 
2bA.  where  X  is  the  free-space  optical  wav..!7ngth.  The  outer 
regions  of  the  rib  have  a  thickness  of  2brX  where  r  is  the  frac¬ 
tional  height  of  the  side  regions  compared  to  the  rib  center  (the 
outer-inner  ratio).  The  three  dielectric  materials  have  refractive 
indices  of  no,  ni,  and  112,  respectively,  at  the  wavelength  of  in¬ 
terest.  The  3-D  rib-guide  modes  are  denoted  as  HEhhi  or  EHum 
where  n  =  0, 1, 2,  • ,  /«  =  0, 1, 2,  •  ,  with  HE  being  horizontal¬ 
ly  polarized  and  EH  being  vertically  polarized. 

Rib  waveguides  have  been  analyzed  in  [4],  [5]  using  a  mode¬ 
matching  technique.  Petennann ’s  results  [4]  have  been  given  in 
a  simple  nonnalized  fonn  which  will  be  used  for  the  analysis  in 
this  letter.  The  analysis  is  applicable  to  rib  guides  with  a  large 

cross  section  satisfying  the  condition  lb'/  n\  -  n\  >  1  which  is 
assumed  in  this  letter.  The  rib  height  parameters  vvi  and 
were  defined  in  [4].  Here,  we  shall  also  define  an  effective  rib 
height  hi  inside  of  the  rib,  and  an  effective  rib  height  ho  outside 
of  the  rib.  These  quantities,  which  account  for  decaying  optical 
fields  in  the  cladding,  are  given  by:  hi  =  2b\jw\  and 
h„  =  IbrX/wn.  For  the  rib  guide,  it  is  convenient  to  introduce  an 
effective  waveguide  parameter  [4]: 


n  aw’i  f— 
2  b 


(1) 
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Here,  6  is  a  geoinetrit  parameter  relating  tlie  effective  inner 
and  outer  rib  heights  as  follows: 


2.5 

2.4 


approximation 


2  2 


flL 

--  1  — 

\\n 

ho 

^  / 

I  ~ 

nv\ 

By  manipulating  (5)  and  (6)  of  [4],  we  find  that 
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where 70  2=  1  for  HE  modes  and  70  2=  for  EH  modes. 

The  Kguiding  parameter  in  the  rib  arises  from  an  effective- 
index  approach  that  takes  into  account  the  fundamental  slab 
modes  of  the  central  ridge  slab  and  the  two  side  slabs  (Fig.  1 ). 
Thus,  for  sufficiently  small  V,  the  second-order  modes  HEoi 
and  EHoi  will  not  fit  laterally  under  the  rib.  Those  modes  will 
be  cut  off,  assuring  singlemode  behavior  in  the  horizontal  direc¬ 
tion.  We  will  restrict  our  consideration  to  rib  guides  with 
0.5  <  r  <  1.0.  Bearing  this  assumption  in  mind,  higher-order 
modes  in  the  vertical  direction  will  be  cut  off  because  the 
higher-order  modes  in  the  central  rib  section  will  be  coupled  to 
the  fundamental  mode  of  the  slab  section,  which  becomes 
leaky  for  r  >  0.5.  This  happens  at  r  >  0.5  because  the  effective 
index  of  the  fundamental  slab  mode  becomes  higher  than  the  ef¬ 
fective  index  of  any  higher-order  vertical  mode  in  the  central  rib 
region 

Intuitively  speaking,  the  second-order  modes  in  the  vertical 
direction,  HEio  and  EHio,  have  a  double-peaked  intensity  tlis- 
tribution  along  the  vertical  axis.  For  r  >  0.5,  one  of  the  two 
jreaks  (the  lobe  near  the  bottom  of  the  guide)  will  couple  out 
into  the  fundamental  slab  mode  of  the  rib  side  regions.  This  lat¬ 
eral  leakage  ensures  that  the  HEiu  and  EHio  mcxles  will  not 
propagate.  Tliat  is  why  tlie  condition  0.5  <  r  <  1 .0  gviarantees 
single-mode  operation  of  the  rib  in  the  vertical  direction. 

Actually,  single-mode  rib  guides  may  also  arise  for  r  <  0.5 
[2].  However,  the  analysis  becomes  much  more  complicated 
and  therefore  we  restrict  our  considerations  to  ribs  w  ith  r  >  0.5. 
In  other  words,  deeply  etched  ribs  are  not  treated  here. 

For  r  >  0.5,  it  is  found  that  the  EHoi,  HEoi,  modes  and  the 
higher  order  EHihn,  HEoui  modes  will  cease  to  propagate  if  the 
parameter  Kis  less  than  a  critical  value  f's  where  the  K\  solution 


[4]  is  plotted  in  Fig.  2  as  a  function  of  6  using  the  solid-line 
curve.  We  can  make  a  good  approximation  to  this  curv'e  using 
the  relation 


1^5  =  |(i  +0.3/6) 


(0) 


as  indicated  by  the  dashed-line  curve  in  Fig.  2.  Equation  (6)  will 
aid  us  below.  Using  the  V <  Kv  single-mode  condition,  we  can 
solve  (1)  for  the  aspect  ratio  a/b  as  follows: 


2Kv 

nwi<fb 


This  equation  can  be  rewritten  by  substituting  (2)  (4)  and  (0) 
into  (7)  as  follows: 
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yielding 
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in  the  limit  of  large  b 


RIB  HEIGHT  FACTOR,  b 

I'lj;  3  (,'ntical  n  /  b  ratio  versus  b  for  an  SiOi-Si-SiOj  nli  utiide 


RIB  HEIGHT  FACTOR,  b 


1-ip  4  ('niical  af  b  ratio  versus  b  for  an  airj-Si-SiOj  rib  guide. 


RIB  HEIGHT  FACTOR,  b 

lip  .S  (  ntical  aj  b  ratio  versus  b  for  an  Si-Geo  iSio»-Si  rib  guide. 


3.  NUMERICAL  EXAMPLES 

Eqtwtion  (8)  is  our  main  result.  Now  we  sltall  give  numerical 
examples  of  (8)  that  illitminate  the  consequetKes  of  tliis  relation. 
Four  cases  are  considered:  1)  Si-on-Si02  with  an  Si02  capping 


RIB  HEIGHT  FACTOR,  b 


I'ig  6.  C’rilical  a  /  h  ratio  vcrsib;  h  for  an  air-Ciro  1S109-S1  nl>  giiuU* 

layer;  2)  Si-on-Si02  with  air  cladding,  3)  GevSii-x-on-Si  with 
an  Si  capping  layer;  4)  GeASii  -a-on-Si  with  air  cladding.  At  the 
1 .3  ptn  wavelengtli,  the  no,  /)i ,  «2  indexes  are  as  follows;  case  1 
(1.45,  3.5,  1.45);  case  2  (1.00,  3.5,  1.45);  case  3  (3.5,  3.6,  3.5); 
case  4  ( 1 .00,  3.6,  3.5).  Considering  the  HEtx)  and  EHi»  modes 
in  turn,  we  obtain  from  (5)  the  following  (^-values:  case  1 
(0.628, 0.108);  case  2  (0.612, 0.078);  case  3  (2.37, 2.24);  case  4 
(1.48,  1.14). 

In  cases  3  and  4,  the  3.6  index  corresponds  to  a  waveguide 
core  layer  of  Geo.iSio.9,  an  alloy  that  is  transparent  at  1 .3  pm. 
This  Geo.iSio.9  layer  is  assumed  to  be  thick  enough 
{2b'k>  1 .4  pm)  so  that  the  strain  induced  at  the  Si  substrate  in¬ 
terface  is  relieved  within  the  layer  (the  layer  is  essentially  un¬ 
strained).  Note  in  case  3  that  the  0. 1  index  step  between  the 
core  and  upper-lower  claddings  is  of  the  same  magnitude  as  that 
found  in  GaAs-AlGaAs-GaAs  or  InGaAs-InAi As-InP 
waveguides.  So,  our  calculations  apply  to  Ill-V  rib 
waveguides.  The  SOI  cases  are  extimples  of  ribs  w  ith  a  very 
large  (2.05)  core-clad  index  step. 

Taking  the  rib-height  factor  bio  be  the  independent  variable 
in  the  fight-h.and  side  of  (8),  we  have  plotted  in  Figs.  3-6  the 
critical  value  of  the  ratio  a/  6  as  a  function  of  b,  using  the  ridge 
step  factor  as  a  parameter  (either  r  =  0.5  or  r  =  0.8).  Predic¬ 
tions  are  given  for  cases  1  -4.  The  guide  is  single  mode  for  a/b 
less  than  a  critical  value  as  shown  by  the  shaded  region  for 
r  =  0.  5.  (For  r  =  0.8,  the  single-mode  region  is  intended  to  ex¬ 
tend  from  a/b  =  0  up  to  the  upper  curves).  Wlien  b  is  increased 
above  2.0,  the  critical  width-height  ratio  a/b  approaches  an  as 
ymptote  according  to  (9),  Previous  studies  of  single-mode  rilvs 
have  considered  values  of  b  =  0.1  for  which  a  width  factor 
a  -  2b  OT  'ib  was  predicted.  Fig.  3-6  agree  with  those  studies; 
thus,  our  results  connect  with  the  prior  art. 

Tlie  results  from  Figs.  3-6  show  that  there  is  a  simple  w  ay  to 
end-couple  a  single-mode  glass  fiber  to  a  singlemode  semicon¬ 
ductor  channel  waveguide.  The  semiconductor  rib  would  be 
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n,  =  1.45 


2  =  500  /im 


z  =  1000  pm 


2  =  2000  pm 


Fig.  7,  Bcam-prupogation  evalualion  of  a  rib  guide  witli  2aX  -  4  pni  and 
a-b-  1 . 

built  with  a  "square"  aspect  ratio  of  a/b  -  1,  producing  a  nearly 
circular  mode  profile,  and,  for  efficient  coupling,  the  mode  sizes 
would  be  matched  by  choosing  the  rib  factors  2aK  and  2bX  to  be 
comparable  to  the  fiber  core  diameter.  Propagation  losses  of 
the  monomode  semiconductor  ribs  are  expected  to  be  low  be¬ 
cause  the  inherent  losses  of  the  basic  slab  guides  are  known  to 
be  low.  Results  for  the  HEoo  and  EHoo  modes  in  Figs.  3-6  are 
essentially  identical  except  for  the  region  <  1  in  Figs.  3  and  4. 
Figs.  3-6  also  indicate  that  it  makes  little  difference  in  the  criti¬ 
cal  a/b  ratio  as  to  whether  the  rib  has  symmetric  or  asymmetric 
cladding. 

4.  STABILITY  OF  THE  SINGLE-MODE 
BEHAVIOR 

Even  though  we  have  presented  a  single-mode  condition  for 
rib  guides  with  large  cross  sections,  the  question  remains  as  to 


whetiier  the  leakage  loss  of  the  higher-order  modes  is  sufficient 
to  make  these  rib  guides  useful  in  practical  integrated-optic  net¬ 
works.  To  resolve  this  issue,  we  have  applied  a  newly 
developed  efficient  beam-propagation  algorithm  [6]  which  can 
easily  handle  large  index  steps.  We  used  a  3-D  formalism 
with  32  X  32  grid  points  and  0.5  pm  grid  spacing.  An  SOI  rib 
waveguide  was  investigated,  with  tio  =  1.00,  n\  =  3.5,  ni  =  1-45 
as  in  Fig.  4,  and  2b\  =  4  pm,  r  =  0.625,  a/b=\ ,  and  X  =  1 .3  pm. 
The  propagation  distance  in  the  guide  is  denoted  as  Z- 

In  a  nominally  single-mode  rib,  we  deliberately  launched  a 
high-order  mode  by  off-axis  excitation  as  shown  in  Fig.  7.  The 
drawing  for  2  =  0  pm  shows  the  launch.  In  the  Fig.  7  BPM  cal¬ 
culation,  contours  of  constant  optical  intensity  (10  •■■100%  of 
maximum  intensity)  are  shown  for  different  propagation  distan¬ 
ces  2.  It  can  be  clearly  recognized  that  energy  is  leaking  out 
laterally  along  the  slab  until  at  2  =  2000  pm  the  field  intensity  is 
close  to  the  fundamental  mode  of  the  rib  waveguide.  Thus,  it  is 
shown  that  single-mode  rib  guides  with  large  cross  sections  are 
really  feasible,  as  long  as  the  waveguide  is  at  least  several  mil¬ 
limeters  long,  which  is  satisfied  for  most  integrated-optic  ap¬ 
plications. 


5.  CONCLUSION 

In  summary,  we  have  used  a  mode-matching  technique  and  a 
beam-propagation  analysis  of  GexSii-x-on-Si  and  Si-on-Si02 
rib  waveguides  to  predict  that  single-mode  HEoo  or  EHoo 
propagation  will  occur  for  rib  width/height  ratios  less  than  a 
critical  value  in  the  range  1-5  for  guides  whose  rib  side  regions 
are  more  than  50%  of  the  inner  rib  height.  The  rib  width/height 

ratio  is  less  than  0.3  r/V  1  -  for  rib  heights  greater  than 
about  4A.. 
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A  bsiraci  -  We  present  a  calculation  of  the  force  on  a  stationary  three- level  atom 
excited  by  a  nearly  resonant  Raman  light  field,  which  may  be  composed  of  an 
arbitrary  combination  of  standing-  and  traveling-wave  fields.  The  effects  of  the 
ground-state  coherences  are  explicitly  included  and  are  shown  to  play  a  crucial 
role  in  the  nature  of  the  force  on  the  atom.  We  show  that  the  force  contains 
terms  that  vary  on  length  scales  both  shorter  and  longer  than  the  optical 
wavelength  and  that  the  magnitude  of  these  terms  can  be  made  arbitrarily 
large. 


Recently  there  has  been  considerable  interest  in  the  force  due 
to  the  interaction  between  three- level  atoms  and  nearly  resonant 
optical  fields.*'^  It  has  been  suggested  that  three-level  forces 
may  explain  some  of  the  differences  between  observations  on 
real  trapped  atoms  and  predictions  for  two- level  atoms*’* 
(TLA)  or  incoherent  processes  in  multilevel  atoms.  The  three- 
level  A  system  is  of  particular  interest  because  of  the  effects  of 
coherent  population  trapping.  Recently,  velocity-selective 
coherent  population  trapping  has  been  used  to  cool  atoms 
below  the  single-photon  recoil  limit.^  In  this  Letter  we  calculate 
the  net  average  force  Fon  a  stationary  atom  in  a  A  configura¬ 
tion  excited  by  two  fields  Ei  and  E2  each  in  an  arbitrary  com¬ 
bination  of  standing  and  traveling  waves.  We  calculate  F  by 
solving  the  optical  Bloch  equations  (OBE’s)  in  the  steady-state 
limit.  For  pure  traveling  waves,  F  is  spatially  invariant,  and  the 
direction  of  the  spontaneous  force  Fsp  depends  only  on  the 
wave  vectors  of  Ei  arid  E2.  For  pure  standing  waves,  the  solu¬ 
tions  predict  that  the  stimulated  force  can  have  spatial  com¬ 
ponents  that  vary  on  scales  both  shorter  and  longer  than  the  op- 
tical  wavelength  (Xopt).^  For  experimentally  attainable 
parameters,  the  size  of  these  force  terms  can  be  substantially 
larger  than  the  maximum  Fsp  on  a  TLA.  We  interpret  our 
results  in  a  dressed  atom  picture  and  show  that  many  important 
aspects  of  F  can  be  attributed  to  the  effects  of  the  ground-state 
coherences. 

We  consider  the  A  system  shown  in  Fig.  1  (left),  which 
interacts  with  two  fields  Ei-  |  Ffi  X  exp[i(coir  +  (|)i)]  and  E2 
“  I  £2!  X  exp[i(6)2f  +  c|)2)]  that  have  frequencies  (01  and  (02, 
where  the  A  system  is  closed  and  F  =  2yea  =  2yeb-  We  con¬ 
fine  ourselves  to  the  case  where  Ei  (E2)  interacts  only  with 
the  I  fl)  -•  I  e>  (I  b)  -»|  e>)  transition.  We  derive  F  using 
the  Lorentz  expression  Fj  =  P  '  VyE,  where  j  =  x,  y,  z- 


P=  P(Ei,  E2)  =  tr  (pp)  is  the  polarization  induced  in  the  atom, 
where  p  and  p  are  the  density-matrix  and  vector  dipole 
operators,  respectively.  Thus  we  solve  for  F  by  solving  the 
OBE’s  for  the  off-diagonal  elements  of  p  in  the  steady-state 
limit  by  using  the  rotating-wave  approximation.  However,  the 
physical  significance  of  F  may  be  more  easily  interpreted  in 
tenns  of  states  |  -),  \  +),  and  |  e)  derived  from  |  a),  |  b),  and  |  e)  by 
a  unitary  transfonnation  Ri  where 


R  = 


cos(0) 

sin(0) 


0 


-  sin(0) 
cos(0) 
0 


O' 

0 

1 


(1) 


Here  0  is  a  measure  of  the  relative  strengths  of  Ei  and  E2, 
given  by  ^1-  |  (pca  •  Ei)  /  fi  \  =  gi(jr)  =  g  sin  0,  and 
g2  “  I  (^leb  ■  E2)  ffi  I  •=  g2(Ar)=gcos0  are  the  Rabi  fire- 
quencies,  with  g  ^  (gi  g2  )  ■ 

The  I  +  )  and  |  -  )  states  are  the  eigenstates  of  the  atom  field 
system  in  the  absence  of  spontaneous  emission  and  are  some¬ 
times  referred  to  as  the  dressed  states.'^  The  OBE’s  can  then  be 
derived  by  applying  R  to  all  the  matrices  that  describe  the  time 
evoluticMi  of  the  I  o  )  ,  I  },\e  )  system.  In  the  dressed-state 

o 

basis  the  Hamiltonian  for  the  OBE’s,  Htd  ,  is 


Acos(20)  Asin(20) 
Asin(20)  -Acos(20) 
0  -g 


O' 

-g  > 
-26 


(2) 


where  coa  (tot)  is  the  resonant  frequency  of  the  |  a  )  -» |  e  ) 
(I  6  >  “♦!«>)  transition.  A  =  (coi  -  tOo)-  (<02  -  tot)  is  the 
differential  detuning,  and  6=  l/2[((oi  -  Wa)  +  ((02  -  cot )]  is  the 
common  detuning  (see  Fig.  1).  The  dressed-state  source  and 

g 

decay  matrices  can  be  obtained  by  a  similar  transformation. 

Since  the  only  important  components  of  F  are  Ffa(Ei,  E2) 
VE  1  and  Fft(Ei,  E2)  •  VE  2,  F  can  be  expressed  in  terms  of 
the  field  gradients  a;  =  ( l/g;)  (6gy&x),  py  =  (6(})^^), 


F  =  [Csimifa,  +  ttj)  +  Cdiffa,  -  ttj)  +  Csp(P,  +  P:)  ]  ,  (3) 
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I'lg  1  L«‘!l  lliri'i -level  A  sysUMii  111  Raman  1‘xcilalion  field  RiglU; 

coupling  Ix'lwct'n  tlie  slates  of  iIk*  A  system  in  iIk*  (lr\\sse<l-sialc  Kisis 

Iseelui  (2)1 

and  C.sp  =  2A“rCo  • 

Here  Co  =  4/i  g^"  / D  and  D  =  g^  + 

86A[(^2''  -  gi^)  +  2A^(gi^  -  gih  +  4a2[S^46-  +  F'  +  A^)  - 
(Si^  “  4gi^g2^  +  ^2"*)]  *^  The  a’s  are  nonnalized  gradients  of 
the  field  amplitudes.  The  a  tenns  are  associated  with  stimu¬ 
lated  processes"  and  are  not  proportional  to  F.  Csuin  and  Cdif 
are  derived  from  the  different  contributions  of  p  to  P.  Cdif  is  de¬ 
rived  from  P-e,  which  is  a  weighted  average  of  the  components 
of  Pae  that  are  180°  out  of  phase  with  Pbe.  This  tenn  is  associ¬ 
ated  with  p-i-  and  thus  is  related  to  the  correlation  between  the 
populations  in  |  - )  and  |  e  >  .  In  contrast,  Caun,  which  is  associ¬ 
ated  only  with  p*?,  is  derived  from  P.,.,  is  a  weighted  aver¬ 
age  of  the  components  of  Pae  that  are  in  phase  with  Pbe?'^^  and 
it  is  related  to  the  correlation  between  the  populations  in  |  +  ) 
and  I  e  ).  The  |  +  )  population  also  contributes  a  force  tenn  pro¬ 
portional  to  (pi  +  P2),  which  can  be  associated  with  spontane¬ 
ous  processes.  *  *  There  is  no  p  1  -  P2  term. 

We  can  gain  some  physical  insight  into  F  by  considering 
Cstun,  C(iif,  and  Csj),  which  are  determined  by  the  correlations 
between  the  steady-state  population  distributions  among  the 
dressed  states.  We  can  estimate  these  correlation  by  consider¬ 
ing  the  coupling  (i.e.,  the  population  transfer  rate)  between  the 
I  +  ),  I  -  ),  and  I  e  )  states. 

Consider  first  the  coupling  between  |  +  )  and  the  other  states. 
The  Rabi  flopping  rate  between  the  |  +  )  and  |  e  )  states  is  given 
by  g,  and  F/2  is  the  rate  at  which  spontaneous  emissions  returns 
atoms  from  |  e  )  to  |  +  )  (see  Fig.  1 ,  right).  This  is  analogous  to 
the  coupling  between  the  TLA  states.  The  force  on  a  TLA  is 
P'n,A  ~  pcciFpo  -  2(0)  -  Wo)  Oo],  where  Wo  is  the  TLA  resonant 
frequency.  Similarly,  the  contribution  to  f  associated  with  (  .  ) 
can  be  written  as  Pann  =  /(^PrcIFlPi  +  P2)  -  26(ai  +  02)]. 

Thus,  just  as  there  is  no  semiclassical  stimulated  force  on  a  TLA 
when  w  -  Wo  =  0,  in  the  A  system,  Canu  "  0  if  6  =  0.  Note 
that  the  Canu  force  component  will  be  zero  if  £1  and  £2  have 
opposite  gradients. 

In  contrast,  the  contribution  to  F  associated  with  |  - )  does  not 
have  a  simple  TLA  analogy.  It  is  not  directly  proportional  to  the 


excited-state  population  pee,  and  it  will  be  zero  if  the  two  fields 
have  the  same  gradient.  Consider  the  |  -)  and  |  -*-  )  to  |  e  )  cou¬ 
plings.  Unlike  |  +  ),  which  is  directly  coupled  to  |  e  ),  |  -  )  is 
never  coupled  directly  to  |  e  ) .  Since  yea  =  yeb,  if  A  =  0 ,  tlie  only 
coupling  is  a  source  term  that  transfers  population  from  pee  to 
p-  -  at  a  rate  F/2.  Thus,  independent  of  any  other  parameter,  if 
A  =  0,  an  atom  will  be  optically  pumped  into  |  -  )  and  will  re¬ 
main  there  forever.  This  is  why  |  -  )  is  often  referred  to  as  the 
trapped  or  dark-resonance  state.  In  the  steady  state,  then,  there 
is  no  piopulation  in  |  e  )  ;  therefore  the  off-diagonal  matrix  ele¬ 
ments  are  all  zero  (i.e.,  p-e  0  p.c).  Tlius£=  0  indepen¬ 

dent  of  the  field  gradients  (i.e.,  a  and  p  )  and  of  6,  ^1,  and  gz- 
If  A  ^  0,  then  there  is  a  coupling  between)  - )  and  |  +  ),  given 
by  an  effective  Rabi  flopping  rate  A  sin(20).  The  |  -  >  state  is  no 
longer  a  trapped  state,  since  atoms  in  |  -  >  can  precess  into  |  +  > , 
which  is  in  turn  coupled  to  |  e  )  by  5.  Thus  Pee  *  0  and  there 
can  be  a  force  associated  with  the  population  in  the  |  - )  state.  In 
fact,  F  can  be  dominated  by  the  Cdif  term.  For  example,  this 
occurs  if  6  =  0. 

If  both  fields  are  traveling  waves,  then  aj  =  0  and 

£  =  Cs;i(pi  +  P2) ,  a  purely  spontaneous  force.  If  the  fields  are 
counterpropagating,  £  =  //  {k\  -  k2)g\^g2^A^T/D  .  Surpris¬ 
ingly,  the  direction  of  £  is  determined  entirely  by  (iti  -  kz ).  The 
atom  is  not  necessarily  pushed  in  the  direction  of  propagation  of 
the  stronger  field  or  the  field  nearer  resonance.  If  |  (ti)  =  |  kz], 
then  £  =  0  is  independent  of  A  ,  6  ,  ^1,  and  gz-  This  result 
can  be  understood  by  noting  that  when  one  of  the  tran¬ 
sitions  (say  I  a)  -*  I  e  >  )  is  much  more  strongly  driven  than 
the  other  (|  £i|  »  |  £2)),  almost  all  of  the  population  accumu¬ 
lates  in  the  ground  state  of  the  weakly  driven  transition,  |  b  ). 

Hence  the  Pea  0  such  that  PfaVEi  =  -Peb^E.  2  and  £  =  0. 
If  g  is  increased  while  A  is  held  fixed,  then  Csp  -•  0  since  all  the 
population  will  accumulate  in  |  -  >.  This  is  in  striking  contrast  to 
£sj)  for  a  TLA,  which  approaches/ikF/2. 


o 


Fig  2  Siirailatcd  force  for  6  -  0,  A  -  gcjl  -  4r,  aixl  X  -  n/4  /'s,,  -  Ji  r/K^t 
Tlx;  dasherl  liix;  is  iJx;  spatially  averaged  force  Note  dial  llie  fotce  is 
completely  rectified  (unipolar).  For  otlK;r  ctioices  of  iiaruiielcis,  Ifx; 
force  is  not  completely  rectified,  and  there  are  |x)tential  minima 
assrxriated  witli  tlie  sliar|)  feahin's 
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population  will  accumulate  in  |  - ).  This  is  in  striking  contrast  to 
Psp  for  a  TLA,  which  approaches^AT/2, 

Now  consider  the  case  where  £i  and  £2  are  standing  waves 
(pi  -  0  -  P2)  with  equal  maximum  Rabi  frequencies  go¬ 
lf  \kl  -  fel  «  I  itl  +  k2\,  then  let  k=  ki  and  k2X  =  (^2  -  ki)x 
+  itijc  “  X  +  £c.  Thusgi  =  gocosfkx)  and 52  =  gocosfkx  +  x). 
Then 

4 

F  =  — ^  [cos(x)  +  cos(2fcc  +  x)](£dif  +  £suni) ,  (4) 

where 

£suni  =  4A^6  sin(2/:  x  +  x),  £dif  =  -  A  sin(x)  ig^  -  2A^) ,  and  x 
is  assumed  constant  over  several  Aopi  Note  that  F  can  have  a 
substantial  nonzero  average  over  Xopt.  The  contribution  to  F 
from  the  out-of-phase  component  of  P,  £dif,  is  associated  with 
I  -  )  and  has  terms  that  do  not  change  sign  over  Xopt.  For 
=  go^  sin^  (  X  )/2  this  component  is  completely  rectified.  If 
6  =  0,  £  is  completely  rectified  (i.e.,  |  £]  is  positive  definite*^; 
see  Fig.  2).  The  term  associated  with  the  real,  in-phase  com¬ 
ponents  of  P,  £sum,  is  not  completely  rectified  but  can  still  have 
a  nonzero  spatial  average  over  Xopi  Thus  both  £dif  and  fann 
have  unbounded  stimulated  components  that  vary  in  space  with 
a  period  2/|  ki  -  ifc2|  • 

It  is  possible  to  integrate  Eq.  (3)  to  form  an  expression  for 
a  pseudopotential  that  appears  to  become  infinitely  deep  as 
I  All  -  it2|  -  0.  However,  since  F  is  approximately  constant  over  a 
long  distance,  an  atom  will  simply  accelerate  to  a  velocity  for 
which  these  equations  are  no  longer  valid.  In  order  to  predict 
the  motion  of  an  atom  accurately,  the  effects  of  nonconservative 
forces*^’ as  well  as  force  fluctuations  due  to  the  interaction 
with  the  vacuum  field  ’  must  be  included. 

Another  remarkable  feature  of  Eq.  (3)  is  that  F  can  have  com¬ 
ponents  that  vary  on  a  scale  much  shorter  than  Aopt,  even  in  the 
absence  of  saturation.  The  spacing  between  the  features  can  be 
controlled  by  varying  X.  Although  Eq.  (3)  does  not  predict  any 
limit  for  the  narrowness  of  the  features  in  F,  the  motion  of  an 
atom  may  not  necessarily  be  accurately  jjredicted.  Eventually, 
motion  due  to  F  will  produce  a  velocity  that  is  not  consistent 
either  with  the  zero-velocity  approximation  or  the  assumption 
that  the  internal  state  of  the  atom  is  in  equilibrium  at  a  particular 
point.  We  also  note  that  for  sufficiently  low  velocities  the  atom 
will  have  a  large  de  Broglie  wavelength,  and  a  fully  quantum- 
mechanical  treatment  of  atomic  coordinates  will  be  needed. 
Still,  the  possibility  of  such  narrow  resonances  in  the  force  may 
merit  further  investigation. 


In  sum,  w'e  have  shown  that  for  a  stationary  atom*^  a  steady- 
state  solution  to  the  OBE’s  predicts  that  there  can  indeed  be  a 
finite  force  associated  with  the  population  in  the  antisymmetric 
(I  - ))  ground  state  and  that,  moreover,  this  force  component  can 
dominate  the  total  force  on  the  atom. 
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Abstract  -  The  room-lemprature  nonlinear  absorption  spectra  of  a  ^0  k 
GalnAs/AIInAs  and  a  90  A  GaAIInAs/AIInAs  multiple  quantum  well 
(MQW)  were  measured  near  1.3  pm  using  a  pump  and  probe  technique  Sat¬ 
uration  carrier  densities  at  the  heavy-hole  excilon  peak  were  determined  to  be 
1.2  X  to'*  and  1.0  X  10**  an  ^  witli  earner  recovery  times  of  -  5  ns  and  -  750  ps 
for  the  two  samples,  respectively.  These  measured  saturation  carrier  densities 
are  close  to  the  reported  values  for  GaAs/A  1  GaAs  MQWS.  Fabry- Perot  eta- 
lons  with  integrated  mirrors  grown  by  molecular  beam  epitaxy  with 
GalnA^A  1  InAs  MQWs  as  spacer  layers  were  also  fabricated  as  optical  logic 
gate  devices.  We  demonstrate  a  125-ps  recovery  time  for  the  etalon  switching 
device  at  room  temperature. 


1.  INTRODUCTION 

Semiconductor  materials  have  been  studied  extensively  for 
potential  applications  in  optoelectronic  and  all-optical  devices. ' 
Because  GalnAs  and  its  related  materials  are  expected  to  liave 
large  optical  nonlinearities  in  tlie  wave-length  region  from  1.3 
to  1.55  pm,  their  nrnlinear  optical  properties  are  crucially  im¬ 
portant  for  designing  opto  electronic  devices  in  optical  fiber 
communication  systems.  Previous  studies  have  been  made  of 
optical  nonlinearities  in  both  GalnAs/AlInAs  (Ref.  2)  and 
GalnAs/InP  (Refs.  3  and  4)  multiple  quantum  wells  (MQW) 
near  1.5  pm.  Transient  nonlinear  absorption  spectra  of 
GalnAs/A  1  InAs  near  1.3  pm  at  10  K  have  been  reported. An 
optical  logic  etalon  of  a  GaIru\s/InP  MQW  at  1 .55  pm  operat¬ 
ing  at  77  K  has  also  been  demonstrated  with  a  20: 1  contrast  and 
nanosecond  recovery  time.^  A  room-temperature  optically  bi¬ 
stable  device  in  a  GalnAs/A  I  InAs  MQW  etalon  at  1.5  pm  was 
also  demonstrated.  However,  there  has  been  no  report  to  date 
on  the  room-temperature  optical  nonlinearities  of  GalnAs/ Al- 
InAs  and  GaAlInAs/AlInAs  MQWs  and  optical  logic  devices 
made  from  these  materials  at  1.3  pm.  In  this  letter  we  report 
room-temperature  measurements  of  the  nonlinear  absorption 
spectra,  saturation  carrier  densities  and  carrier  recovery  times 
for  both  a  40- A  GalnAs/AlInAs  and  a  90- A 
Ga A 1  InAs/ A 1  InAs  MQW  sample  and  demonstrate  a  high¬ 
speed,  all  integrated  GalnAs/A  1  InAs  optical  logic  Fabry-Perot 
etalon  device  at  1 .3  pm, 

d ) 

Present  address.  Physics  Department,  University  of  To¬ 
ronto,  Ontario,  Canada. 


2.  EXPERIMENT 

With  modem  crystal  growth  techniques  such  as  molecular 
beam  epitaxy  (MBE),  growth  of  high  quality  MQW  structures 
with  precise  layer  thickness  and  high  uniformity  is 
possible.  MBE-grown  Gao.47lno  53As/Alo  48lno  52As, 
Gao.376Alo.094Ino.53As/  Alo.48lno.52As  MQW  structures  and 
an  integrated  mirror  Fabry-Perot  etalon  were  used  in  this  exper¬ 
iment.  The  detailed  growth  conditions  of  the  samples  were  pre¬ 
viously  described.^  '*^  The  GalnAs/AlInAs  MQW  consists  of 
100  periods  of  40-A  GalnAs  wells  and  68- A  A I  InAs  barriers. 
The  quaternary  GaA  1  InAs/A  1  InAs  MQW  sample  has  100  pe¬ 
riods  of  90A  GaA  1  InAs  wells  and  69- A  A 1  InAs  barriers.  Both 
MQWs  have  heavy-hole  exciton  peaks  near  1.3  pm  at  room 
temperature.  In  the  ternary  system,  tlie  transition  energy  of  the 
exciton  can  be  adjusted  mauily  by  changing  the  quantum  well 
thickness.  For  the  quaternary  system,  both  the  well  thickness 
and  the  Ga/Al  ratio  can  be  used  to  shift  the  exciton  absorption 
peak.  The  latter  affords  the  opportunity  to  tailor  other  parame¬ 
ters  such  as  the  carrier  lifetime  or  exciton  sharpness  while  main 
taining  the  exciton  at  the  same  wavelength.'* 

The  absorption  spectra  of  both  samples  were  examined  in  a 
pump-probe  geometry.  The  I.064-pm  line  from  a  Q-  switched 
Nd;YAG  laser  with  a  lO-Hz  repetition  rate  was  used  for  the 
pump  beam.  The  pumpebeam  frequency  was  far  enough  above 
the  absorption  band  edge  of  all  samples  to  efficiently  generate 
electron  and  hole  pairs.  The  probe  was  generated  by  difference 
frequency  mixing  of  the  1.064  pm  line  of  a  YAG  laser  and  the 
output  of  a  tunable  Rhodamine  6G  dye  laser  in  a  LiI03  crystal. 
The  tunable  range  of  the  infrared  beam,  from  1 220  to  1 350  nm, 
covered  the  band-edge  region  of  all  samples.  The  pump  pulse 
and  probe  pulse  were  10  and  4  ns  in  duration,  respectively.  Tlie 
samples  were  mounted  on  a  rotation  stage  which  was  adjusted 
for  Brewster's  angle  to  minimize  Fabry-Perot  oscillations  in  the 
absorption  spectra.  The  pump  and  probe  beams  were  over¬ 
lapped  on  the  sample  in  both  space  and  time  with  spot  diame¬ 
ters  of  1 35  and  37  pm,  respectively.  The  large  piunp  beam  elim¬ 
inated  diffusion  of  the  carriers  from  the  probed  region  Tlie  po 
larization  of  the  piunp  beam  was  orthogonal  to  that  of  the  probe 
beam  so  that  an  analyzer  could  selectively  block  the  pump 
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Fig.  1.  (a)  The  absorbtion  spectra  of  the  40- A  GalnAs/AlIAs  MQW  for 
various  pump-beam  intensities,  (b)  The  absorbtion  spectra  of  the 
90-AGaAllnAs/AlInAsMQW  for  various  pump-beam  intensities 


(b) 


Carrier  density  N  (10’®  cm'®) 

Fig.  2.  (a)  Optical  absorbtion  dependence  of  carriers  density  in  the  40-A 
GalnAs/AIInAs  MQW.  ITk  black  points  are  expcrimailal  data  and 
the  solid  curve  is  the  best  Fit  of  the  experimental  data,  (b)  Same  as  (a) 
but  for  the  90- A  GaAllnA^AIInAs  MQW. 


beam.  The  probe  beam  was  divided  with  one  beam  focused  on 
a  Ge  detector  as  the  reference  sigrtal  and  the  other  beam  focused 
on  the  sample,  then  imaged  onto  another  Ge  detector  which 
measured  the  transmitted  signal.  The  reference  and  transmitted 
signals  were  averaged  over  100  laser  shots  by  a  boxcar  in- 
tegrater.  The  relative  transmission  values  for  the  samples  were 
obtained  from  the  ratios  between  the  transmitted  and  the  refer¬ 
ence  signals.  The  absolute  transmission  value  for  the  samples 
was  obtained  from  the  ratio  of  the  relative  transmission  with 
and  without  the  sample. 

The  nonlinear  absorption  spectra  measured  at  room  tempiera- 
ture  with  pump  intensities  of  0,  1.6,  3.  1,  and  17.0  kW/cm  on 
the  40-A  GalnAs/AlInAs  MQW  are  shown  in  Fig.  1  (a).  The 
latter  three  pump-beam  intensities  correspond  to 
photogenerated  carrier  densities  of  6.4  X  10*^,  1.2  X  10***,  and 
6.7  X  10  cm  using  the  well-known  rate  equation.  For  this 
calculation,  we  used  our  measured  electron-hole  pair  lifetime 
values  T  and  the  reflection  loss  of  pump  beam  at  the  sample  sur¬ 
face  was  taken  into  account. 


3.  DISCUSSION 

In  the  linear  absorption  spectrum  of  the  40-A  MQW,  we  ob¬ 
served  well-resolved  heavy-hole  and  light-hole  excitonic 
resonances  located  at  1315  and  1 225  nm,  respectively.  The 
half- width  of  the  lowest  exciton  peak  is  about  14  meV.^  As 
shown  in  Fig.  1  (a),  the  exciton  resonances  bleach  and  broaden 
with  increasing  pump-beam  intensities.  Hiase-space  filling  and 
exchange  effects  are  believed  to  be  the  dominant  nonlinear 
mechanisms  for  saturation  of  the  excitons  in  MQWs.^’**  Note 
that  the  influence  of  Coulomb  screening  in  quasi  two-dimen¬ 
sional  MQWs  is  relatively  weak  in  comparison  to  the  three- 
dimensional  case.  *  * 

Because  the  changes  of  absorption  at  the  exciton  peak  depend 
on  the  pump-beam  intensity  only  through  photogenerated  car¬ 
riers,  we  computed  the  saturation  carrier  densities  for  these 
samples  instead  of  the  saturation  intensities.  The  saturation  car¬ 
rier  density  at  the  heavy-hole  exciton  peak  was  determined  by 
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the  best  fit  of  the  experimental  data  to  the  following  Lorentzian 
equation: 


(1) 


where  Oo  and  Ob  are  the  linear  and  background  absorption  coef¬ 
ficients  at  the  heavy-hole  exciton  peak,  respectively,  L  is  the 
well  thickness  of  the  MQW  and  Ns  is  the  saturation  carrier  den¬ 
sity.  As  shown  in  Fig.  2(a),  the  optical  absorption  decreases  as 
the  carrier  density  increases.  The  solid  curve  is  the  best  fit  to 
the  experimental  data.  The  saturation  carrier  density,  linear  ab¬ 
sorption  (oloL),  and  background  absorption  {ai,L)  were  found  to 
be  1.2X  10**cm '^,0.88,  and  0.88,  respectively.  The  computed 
saturation  carrier  density  for  the  GalnAs/AlInAs  MQW  is 
close  to  the  reported  values  for  GaAs/AlGaAs  MQWs.'^ 
Figure  1(b)  shows  the  room  temperature  nonlinear  absorp 
tion  spectra  of  the  GaA  1  InAs/A  1  InAs  MQW  sample  for  piunp- 
beam  intensities  of  0,  1.7,  5.0,  and  21.2  kW/cm^.  Tliese  pump- 
beam  intensities  generated  carrier  densities  of  2. 1  X  lo'^,  6  2  X 
10  ,  and  2.6  X  10  cm respectively.  Note  tliat  in  Figs  1(a) 
and  1(b),  the  residual  background  absorption  of  ai,  “  0.8  and 
0.4,  respectively,  at  energies  below  tlie  exciton  originates  from 
the  reflection  and  scattering  from  the  sample  surfaces.  The  lin 
ear  absorption  spectrum  of  the  sample  also  shows  two  well  re 
solved  exciton  peaks.  The  half-width  of  the  lowest  exciton 
peak  is  about  1 2  meV.9  The  exciton  peaks  of  the  quaternary 
MQW  are  less  pronounced  than  those  of  the  ternary,  presum 
ably  because  90-A  wells  have  less  confinement  than  40-A 
wells. ^  As  in  the  GalnAs/AlInAs  MQW  case,  the  presence  of 


(a) 


Wavelength  (nm) 
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fig.  4.  Traii.siiu.s.sion  of  tlic  MHi:-grow)i  iiilrgralal  (ialriA.'i/AlliiAs  rliiloii 
device,  (t))  Measured  swiicliiiig  liine  of  Itie  ox>m-lcui|K'nilun‘  oplical 
logic  gale  of  (a). 

increasing  pump-beam  intensity  bleaches  exciton  peaks  of 
GaAlInAs/AlInAs  MQW  as  a  result  of  pliase-space  filling  and 
exchange  effects.  The  saturation  carrier  density,  linear  absorp¬ 
tion,  and  background  absorption  were  determined  to  be 
1.0x10  cm  ,  0.84,  and  0.43,  respectively.  Tlie  computed  satu¬ 
ration  carrier  density  for  the  GaA  1  InAs/  A 1  InAs  MQW  is  close 
to  the  GalnAs/A  1  InAs  MQW.  The  dependence  of  optical  ab 
sorption  on  tlie  catrier  density  in  tlie  90-A  GaA  1  InAs/A  1  InrVs 
MQW  is  shown  in  Fig.  2(b) 

The  carrier  recovery  dynamics  of  the  samples  were  measured 
with  a  picosecond  piunp-probe  setup  The  exireriments  were 
perfonned  with  a  pulse  compressed  mode  locked  Nd:YAG 
laser  at  a  l(X)-MHz  repetition  rate  Both  pump  and  probe 
beams  had  a  2-ps  duration  at  a  wave  length  of  1319  nm  which 
coincides  with  the  heavy  hole  exciton  peak  The  pump  and 
probe  beams  were  overlapped  on  the  samples  with  a  26  pm  di 
ameter.  The  piunp  beam  was  polarized  orthogonal  to  the  prolx- 
beam  Tlie  time  delay  between  the  pump  beam  and  prolx*  Ix’am 
was  varied  from  -  50  to  450  ps.  Figure  3  show  s  the  prolv  trans 
mission  as  a  function  of  the  pump  probe  delay  for  a  piimiung 
power  of  20  mW  of  tlie  90  A  GaA  I  InAs/ A I  InAs  MQW'  This 
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pumping  power  corresponds  to  a  pilot ogenerated  carrier  density 
of  1.7  X  10  cm  ■ .  Tlie  exponential  fit  of  the  data  resulted  in  a 
750-ps  lifetime  for  the  90-A  MQW.  The  lifetime  for  the  40-A 
ternary  MQW  is  longer  with  a  value  of  "5  ns.  Tlie  lifetime  for 
the  quaternary  MQW  is  shorter  tlian  that  for  the  ternary  MQW, 
probably  due  to  the  presence  of  aluminum  in  the  quaternary 
MQW,  which  may  affect  the  carrier  lifetime,  ***  To  check  the  ef¬ 
fects  of  lateral  diffusion  on  the  absorption  recovery  time,  the 
diffusion  equation  *  '  was  used  to  detennine  changes  in  the  av¬ 
erage  carrier  density.  In  this  calculation,  the  ambipolar  diffu¬ 
sion  constant  D  “  15  cm^/s  was  detennined  by  carrier  mobilit¬ 
ies  of  10  500  cm'/Vs  for  electrons  and  300  cm'/Vs  for  holes.*'* 
The  diffusion  calculation  indicates  that  500  ps  after  excitation, 
the  average  carrier  density  decreases  less  than  1^?  for  a  26-pm 
diameter  spot.  Thus,  the  small  lateral  diffusion  of  the  earner 
does  not  play  an  imponant  role  in  the  pico  second  recovery  of 
the  absorption  changes. 

We  also  designed  and  grew  nonlinear  Fabry  Perot  etalons 
with  MBE-grown  integrated  mirrors  for  room-temperature  op¬ 
eration  at  1,3  pm.  The  etalons  consist  of  two  integrated  mirrors, 
each  with  12  pairs  of  GaAlInAs/  AlInAs  quarter-wave  layers 
and  a  spacer  of  108  periods  of  GalnAs/A  1  InAs  MQWs  consist 
ing  of  35-A  wells  and  58-A  barriers,  grown  lattice-matched  on 
an  InP  substrate.’**  Tlie  etalon  transmission  spectnim  is  shown 
in  Fig.  4(a).  Non-linear  switching  on  and  off  times  of  the  de¬ 
vices  were  measured  using  the  2-ps  1 3 19-nm  pulses.  Asshown 
in  Fig.  4(b),  the  GalnAs/AlInAs  Fabry-Perot  etalon  has  a  125- 
ps  recovery  time,  with  a  fast  switch  on  speed.  Due  to  the  lim¬ 
ited  translation  from  the  positioning  equipment  available,  we 
could  not  measure  the  delay  beyond  500  jis.  It  is  probable  that 
the  tnmsmission  drops  below  the  baseline  as  a  result  of  heating 
of  the  s;imple  (which  shifts  the  transmission  fnnge  to  a  longer 
wavelength)  by  the  high  repetition  rale  pulses  laser  in  our  ex- 
[lenment.  Fhe  faster  recovery  of  the  etalon  compared  with  the 
MQWs  may  be  associated  with  poorer  t|uality  MQWs  in  the 
etalon  grown  on  lop  of  12  pairs  of  quarter  wave  layers. 

4.  CONCLUSION 

In  conclusion,  we  have  measured  optical  nonlinearilies  and 
recovery  time  of  carriers  at  1.3  pm  for  two  MQW  slnictures  of 


epitaxially -grown  GaA  1  InAs/ A 1  InAs  and  GalnAs/AlInAs  at 
room  temperature.  Nonlinear  integrated  Fabry-Perot  etalon 
logic  gates  were  fabricated  and  a  high  speed  switching  time 
was  demonstrated.  These  devices  are  potentially  useful  for  de¬ 
velopment  of  multi-giga-bit  optical  lime-division 
demultiplexed  interconnection  system  at  1.3  pm  where  ultrafast 
optical  processing  elements  are  needed. 
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Abstract  -  We  report  self-pumped  optical  phase  conjugation  in  which  the 
pumps  are  self-induced  as  standing  waves  in  a  linear  Raman  laser.  Self- 
pumped  reflectivities  approaching  5%  are  obtained  for  input  intensities  of 
20  W/cm^.  This  low  optical  input  intensity  combined  with  predicted  sub¬ 
microsecond  response  times  suggests  that  the  resonant  Raman  irueraction  may 
provide  the  basis  for  a  promising  new  class  of  nonbnear-optical  material 


Recently  there  has  been  increased  interest  in  the  use  of 
resonant  atomic  systems  for  performing  optical  wave-front 
conjugation.*  This  is  because  resonant  atomic  systems  are  in¬ 
herently  fast.  However,  resonant  systems  tend  to  have  lower  ef¬ 
ficiency  and  greater  optical  power  requirements  than 
photorefractive  crystals  such  as  BaTiOs.  To  trade  a  portion  of 
the  speed  for  higher  efficiency  and  much  lower  optical  power 
requirements,  we  propose  the  use  of  a  three-level  atomic  system 
in  the  resonance  Raman  configuration.  This  system  is  expected 
to  have  advantages  over  conventional  two-level  atomic  systems 
because  it  is  possible  to  induce  total  transparency^  while  still 
maintaining  gratinglike  sensitivity^  to  the  relative  phases  of  the 
two  exciting  fields.  To  demonstrate  the  feasibility  of  resonance 
Raman  systems  for  nonlinear-optics  applications,  we  have  per¬ 
formed  self-pumped  optical  phase  conjugation,  with  pumps 
self-induced,  in  a  sodium-vapor  Raman  laser. 

The  sodium  Raman  laser  was  first  demonstrated  by  Kumar 
and  Shapiro‘*  with  a  ring  laser  geometry.  In  this  demonstration, 
Raman-shifted  unidirectional  lasing  was  observed  at  pump 
powers  of  less  than  40  W/cm  .  We  adapted  this  Raman  ring 
laser  to  a  standing-wave  configuration  similar  to  that  used  by 
Gaeta  etal.^  in  their  initial  demonstration  of  self-pumped  phase 
conjugation  using  two-level  interactions  in  sodium  vapor. 

A  schematic  of  our  experiment  is  shown  in  Fig.  1.  The 
sodium  cell  is  a  heat-pi(>e  oven  of  13-cm  active  length,  with 
a  6.4-mm-diameter  optical  aperture.  The  Raman  laser  cavity 
has  a  length  of  2.6  m  with  a  2-m  focal-length  lens  inserted  to 
make  the  resonator  stable.  Both  lenses  and  cell  windows  are 
multilayer  antireflection  coated  to  reduce  cavity  losses.  The 
measured  cavity  loss  is  6%  per  round  trip  (including  the  loss 
from  the  98%  Raman  laser  output  coupling  mirror  shown  in  the 
figure).  A  2-m  lens  is  also  placed  in  the  pump-beam  path  to 
limit  divergence.  The  pump  laser  beam  has  a  1-mm  FWHM 
spot  size  at  the  sodium  cell,  and  its  angle  of  incidence  relative  to 
the  cavity  optic  axis  is  typically  0.2°.  Standard  operating  condi¬ 


tions  are  10  mTorr  of  He  buffer  gas  pressure  and  a  high  enough 
temperature  to  obtain  approximately  50%  absorption  at 
resonance  for  the  input  pump  power  of  240  mW.^ 

To  evaluate  system  performance,  we  simultaneously  monitor 
four  beams  as  shown  in  Fig.  1 .  Tiie  measured  optical  power  in 
these  four  beams  as  a  function  of  pump  laser  detuning  to  the 
blue  of  the  sodium  Di  line  is  shown  in  Fig.  2.  From  top  to  bot¬ 
tom,  the  data  traces  in  this  figure  are  the  transmitted  pump 
beam,  the  diffracted  beam  (discussed  below),  the  Raman  laser 
output  beam,  and  the  phase-conjugate  beam.  Optical  powers  in 
all  four  beams  are  expressed  as  a  percentage  of  the  input  pump 
power  of  240  mW. 

Examination  of  Fig.  2  shows  that  a  peak  conjugate  reflec¬ 
tivity  of  nearly  5%  occurs  at  approximately  2  GHz  from 
resonance.^  Again,  these  data  were  obtained  for  an  input  pump 
power  of  240  mW,  which  translates  to  a  peak  intensity  of  ap¬ 
proximately  20  W/cm^,  assuming  a  Gaussian  laser  beam  of 
1-mm  FWHM  spot  size.  Of  course,  the  exact  intensity  inside 
the  sodium  cell  is  not  known  owing  to  the  competing  effects  of 
resonant  absorption  and  mild  self-focusing. 

Further  examination  of  Fig.  2  shows  a  matching  comblike 
structure  in  optical  power  versus  laser  frequency  in  both  the 
conjugate  and  Raman  laser  beams.  This  comblike  structure, 
which  was  first  observed  by  Kumar  and  Shapiro,'*  is  attributed 
to  the  fact  that  the  Raman  gain  curve  is  more  narrow  band  than 
the  cavity  free  spectral  range  of  52  MHz.  When  the  cavity  out¬ 
put  is  beat  against  the  pump  beam,  a  single  3-MHz-wide  beat 
note  is  observed  near  1772  MHz.  This  single  narrow  beat  note 
at  the  Raman  frequency  is  the  characteristic  signature  of  a 
Raman  laser  in  sodium.  The  conjugate  beam  in  our  experiment 
was  found  to  be  doubly  Raman  shifted  from  the  pump  frequen¬ 
cy  in  the  same  sense  as  the  Raman  laser  beam  (farther  from 
resonance). 

Finally,  for  a  linearly  polarized  piunp  beam,  the  Raman  laser 
beam  polarization  was  predominantly  linear  but  perpendicular 
to  the  piunp,  whereas  the  conjugate  polarization  was  linear  and 
parallel  to  the  piunp.  Tliis  is  expected  for  a  Raman  interaction 
in  sodium  owing  to  the  selection  rules  for  the  dipole  transitions. 

Tlie  circulating  optical  power  in  the  Raman  resonator  (Fig.  2, 
third  trace)  is  as  much  as  twice  the  input  pump  power.  SitK  c  the 
measured  s)x)t  size  of  the  Raman  laser  output  beam  is  the  same 
as  that  of  the  input  pump  (1  mm  FWHM),  the  intensity  of  the 
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from  a  moving  grating.  Its  intensity-versiis-frequency  charac¬ 
teristics  most  closely  resemble  tliose  of  the  Raman  laser. 

The  mechanism  responsible  for  the  Raman  laser,  as  proposed 
by  Kumar  and  Sliapiro,^  is  illustrated  in  Fig.  3.  In  this  figure  the 
pump  beam  interacts  simultaneously  with  both  ground  states  of 
the  three-level  system  and  generates  two  additional  laser  fields 
at  the  frequencies  indicated.  One  of  these  is  Raman  shifted  far¬ 
ther  from  resonance  tlian  the  pump  and  produces  the  Raman 
laser  output.  The  other  is  Raman  shifted  closer  to  resonance  and 
has  the  same  frequency  as  tlie  diffracted  beam  (Figs.  1  and  2). 
Figure  3  suggests  that  the  Raman  gain  process  is  the  result  of  a 
nondegenerate  four-wave  mixing  process  wherein  the  pump 
beam  provides  two  of  the  waves.  This  has  yet  to  be  shovvTi  the¬ 
oretically.  If  the  above  mechanism  is  correct,  the  phase-conju¬ 
gate  output  would  be  viewed  as  the  result  of  a  nondegenerate 
six-wave  mixing  process  (not  shown)  wherein  the  pump  and 
Raman  laser  beams  provide  four  of  the  six  fields. 

One  of  the  major  advantages  of  being  able  to  perfonn  self- 
pumped  optical  phase  conjugation  with  an  unfocused  pump 


intracavity  oscillation  is  actually  twice  that  of  the  input  pump. 
This  illustrates  the  high  efficiency  of  the  Raman  interaction  at 
these  low  pump  intensities.  Also  of  interest  is  the  traii-smitted 
pump  beam  power  (Fig.  2,  top  trace).  In  the  alwence  of  lasing, 
the  resonance  pump  absorption  is  approximately  55Vc .  How 
ever,  when  lasing  and  phase  conjugation  commence,  the  pump 
•ibsorption  abruptly  increases  to  nearly  lOO'/c.  This  indicates 
that  the  Raman  la.ser  transfers  energy  out  of  the  pumj)  at  least  as 
etticiently  as  does  resonant  absorfition.  Finally,  the  optical 
|K)wer  in  the  dilfracted  Ix'am  (see  Fig.  1 )  is  shown  in  the  second 
trace  i)t  f  ig  2  As  can  lx-  seen,  this  dilfracted  Ix’am  contains  as 
much  as  20'?  of  the  input  pump  (x)w  er  and  therefore  acts  as  a 
loss  for  the  phase  conjugate  prtx'ess  This  diffracted  Ix-am  has 
Ix'en  oliserved  only  in  the  fonvard  direction  Its  fretiiiency  is 
R.iman  shitted  in  'he  o[)|x)site  sense  to  that  of  the  Raman  laser 
and  IS  therefore  consistent  with  first  order  Bragg  diffraction 


I  ip  -V  Ix-vcl  (liapnun  illiLslnitiiip  pro|xis»'d  MR-di;iiiism  lor  iIr-  Raiiuii  Iiwr 
(Irom  Uef  4) 


l  ip  1  ('tiiijiipale  iiitipr  sliowiiip  llie  iiiuiicril  wlixli  ilriiolcs  llie  sl.irl  ol 
si-iir.s  .t  oil  an  Air  l  one  re-'-oliilioii  eli.nl  (X  lini-s/iiiini 


beam  is  the  ability  to  conjugate  images  easily.  Self-pumped 
image  conjugation  at  these  low  optical  intensities  lias  been  pre¬ 
viously  demonstrated  only  in  photorefractives.  To  demonstrate 
self-pumped  image  conjugation  in  our  system,  we  imaged  a 
positive  U.S.  Air  Force  resolution  chart  into  the  sodium  cell. 
This  was  accomplished  using  a  40-cm  focal-length  lens  and  a 
4/  object  to  image  distance.  A  positive  rather  tlian  a  negative 
resolution  chart  was  used  to  keep  the  total  input  laser  power 
above  the  lOO-mW  threshold  needed  for  the  production  of  a 
conjugate  beam.  The  conjugate  image  produced  by  this  system 
is  shown  in  Fig.  4.  The  numeral  3  marks  the  start  of  series  3  on 
the  bar  chart,  which  has  a  resolution  of  8  lines/mm.  The  conju¬ 
gate  reflectivity  was  only  approximately  0.5%  for  the  image 
shown  in  the  figure.  To  obtain  higher  reflectivity,  it  was  neces¬ 
sary  to  tune  closer  to  resonance.  However,  in  this  case,  resolu¬ 
tion  was  degraded  because  of  the  absorption  of  higher  diffrac¬ 
tion  orders  in  the  O-cm- long  cell.  Mild  aberrators  were  also  in¬ 
serted  in  the  pump-beam  path  after  the  input  iinage.  The  result¬ 
ing  conjugate  output  image  (not  shown)  was  free  of  aberrations, 
but  the  intensity  envelope  was  no  longer  a  smooth  Gaussian. 
Here  it  must  be  emphasized  that  the  data  in  Fig.  4  are  only  pre¬ 
liminary.  The  experimental  setup  was  not  specifically  designed 
to  proce  '  images.  In  fact,  some  of  the  higher  diffraction  orders 
actually  missed  the  input  mirror.  Nonetheless  it  is  significant 
that  an  image  can  be  conjugated  at  all  with  a  self-pumped  ge¬ 
ometry  in  a  strongly  absorbing  medium  at  such  low  intensities. 

In  summary,  we  have  achieved  a  phase-conjugate  reflectivity 
of  nearly  5%  using  a  self-pumped  Raman  laser  in  sodiiun  vapor. 
This  relatively  high  reflectivity  was  accomplished  with  only  20 
W/cm^  of  input  pump  intensity.  This  represents  a  factor-of-50 
reduction  in  pump  intensity  for  comparable  reflectivity  in  pre¬ 
vious  sodium  vapor  experiments.^  Moreover,  the  low-intensity 


threshold  allowed  us  to  conjugate  images  easily.  Thus  we  liave 
demonstrated  the  potential  of  the  resonant  Raman  system  as  the 
basis  for  a  new  class  of  high-speed  nonlinear-optical  material. 
In  addition,  we  expect  similar  reductions  in  laser  power  require 
ments  for  non-self-pumped  geometries  wherein  the  pump 
beams  are  generated  by  an  acousto-optic  or  electro-optic  mod¬ 
ulator.  Finally,  the  resonant  Raman  processes  in  Li,  Rb,  or  Cs 
vapors  can  be  excited  with  semiconductor  lasers  for  which  the 
low  laser  power  requirements  are  especially  important,  hr  fact, 
non-self-pumped  schemes  would  be  much  simpler  for  semicon¬ 
ductor  laser  excitation  because  the  Raman-shifted  frequencies 
needed  could  be  easily  produced  by  high-speed  modulation  of 
the  lasers. 

The  authors  acknowledge  the  invaluable  contribution  of  John 
Kierstead  of  Parke  Mathematical  Laboratories  to  this  research. 
This  research  was  performed  at  the  Rome  Laboratory  electro¬ 
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Abstract  -  We  describe  an  optical fingerprint  identification  system  that  optical¬ 
ly  reads  a  latent  fingerprint  for  correlation  using  a  binary  joint  transform  cor¬ 
relator.  The  fingerprint  is  read  using  the  total  internal  reflection  property  of  a 
prism.  The  system  was  built,  tested,  and  the  e.xperimenlal  results  are  presented 


1.  INTRODUCTION 

The  purfiose  of  research  efforts  in  optical  signal  processing  is 
to  develop  techniques  leading  to  systems  that  optically  process 
data  at  very  high  rates  of  speed,  preferably  with  smaller  volume 
and  low  power  requirements.  Image  processing  systems  based 
on  the  joint  Fourier  transform  correlator*  (JTC)  have  been 
shown  to  perform  well.  Binarizing  the  Joint  power  spectrum 
of  the  JTC  provides  significantly  higher  peak  intensity,  laiger 
peak-to-secondary  ratios,  delta-like  correlations,  and  better 
cross-correlation  discrimination.^  We  present  a  system  that  uses 
a  prism  operating  in  the  total  intenal  reflection  mode  to  generate 
optically  a  high-contrast  image  of  a  fingerprint  ’  that  is  used  as 
an  input  to  the  binary  JTC  (BJTC)  for  comparison  with  a  data 
base.  Our  system  is  compact,  operates  in  near  real  time,  and  has 
good  discrimination  capability.  This  system  is  ideally  suited  for 
secure  entry  systems  to  identify  individuals  for  access  to  a 
restricted  area  or  for  mobile  and  remote  surveillance  by  law  en¬ 
forcement  agencies. 

2.  THEORY 

2.1.  Prism:  total  internal  reflection 

High-contrast  images  of  a  fingerprint  can  be  read  optically 
using  a  standard  90-deg  prism  where  the  read  beam  is  directed 
at  the  critical  angle,  ’  When  the  laser  beam  enters  one  side  of  a 
90-deg  prism  and  strikes  the  hypotenuse  at  an  angle  given  by 

0  c  =  arcsin(/i(//ii) ,  ( 1 ) 

the  transmitted  light  will  travel  tangential  to  the  glass  medium 
interface.  Incident  angles  beyond  6^  will  cause  the  light  to  be 
totally  internally  reflected  in  the  prism  and  pass  out  the  oppos¬ 
ing  side.  This  assumes  rii  >  ixi  where  n,  and  tii  are  the  indices  of 
refraction  of  the  prism  glass  and  external  mediiun. 


Placement  of  a  finger  on  the  hypotenuse  side  of  the  prism, 
shown  in  Fig.  1(a),  changes  the  boundary  conditions  such  that 
where  the  ridges  of  the  fingerprint  make  contact  with  the  glass, 
the  natural  oils  of  the  skin  make  a  good  optical  bond  and  the 
light  wave  is  transmitted  and  largely  attenuated  by  the  skin. 
Where  the  ridges  do  not  make  contact,  the  light  is  totally  inter¬ 
nally  reflected  by  the  interface  and  captured  by  the  input 
camera.  An  example  of  the  captured  print  is  shown  in  Fig.  1(b). 
Figure  1(c)  shows  the  print  binarized  around  its  mean  value. 
This  print  is  sent  to  the  BJTC  for  comparison  with  a  data  base 
of  fingerprints  to  determine  the  individual’s  identity. 

2.2.  Binary  joint  transfonn  correlator 

For  the  JTC  architecture  shown  in  Fig.  2,  the  reference  and 
target  inaages  are  placed  on  their  respective  halves  of  the  input 
spatial  light  modulator  (SLM)  and  are  denoted  by  r(.x  +  xo,  y) 
and  s(Ar  -  xo,  y).  The  Fourier  transform  of  tliis  input,  called  the 
joint  power  spectrum  (IPS),  is  captured  by  a  square  law  detector 


Fig  I  (a)  An  rxaggrralal  vk-w  of  IIk-  I'ltigrr  in  coiilaci  willi  iIk'  pnMiv,  (b) 
ivpical  fingi-ninnl  iiiiapc,  aiul  (c)  iIk'  rinpcr|>nnl  binan/oi  ariMUxI  il.s 
iivan  valiir 


(l>) 


and  Fourier  transformed.  The  resulting  correlatioir  signal  is 
given  by 

li(xi,y\)  =  RK.Hixuyi)  + 

+^/e.if.ri  -  2a:o3  i)  +  RsAn  +  2.roji)  (2) 

The  first  two  temis  are  on-axis  autocorrelation  tenns,  the  cor 
relation  of  reference  and  target  signals  with  themselves,  and  the 
third  and  fourth  temis  are  the  correlations  of  the  reference  with 
the  target. 

Javidi^  was  the  first  to  binarize  the  IPS  and  fomialize  the  <:’t}i 
law  nonlinearity,  revealing  an  interesting  family  of  correlation 
types  varying  in  sensitivity.^  Although  our  work  is  perfonned 
using  a  binary  SLM,  the  full  potential  of  the  fingerprint  cor¬ 
relator  should  probably  be  realized  by  means  of  a  gray  scale 
device.  By  applying  a  nonlinear  operation  on  IPS  and  follow¬ 
ing  the  theoretical  development  of  Ref  (9),  we  find  that  the  out¬ 
put  field  of  the  nonlinear  system  is  made  up  of  hannonics  with 
the  first  tenn  containing  the  correct  phase  infonnation  and 
largest  intensity.  The  general  equation  for  this  first  hannonic  is 
given  by^ 

_ 2r(A-r  i)[R(a,p)5(a.P)]*- _ 

*  r[l  -  (1  -  k/2)]Y[\  +  (I  +  k/2)] 

^  (>s(a,P)  -  (t)K(a,P)].  (3) 

To  utiderstand  the  nonlinear  process  better,  let  us  vary  k  and 
compare  the  field  in  Eq.  (3)  to  the  field  exiting  the  filter  of  a  fre 
quency  plane  correlator.*^’**’  Assuming  the  target  and  reference 
to  be  identical  and  letting  ^  =  1 ,  Eq.  (3)  reduces  to  the  field  ex¬ 
pected  to  leave  the  Fourier  plane  of  a  frequency  plane  corrector 
employing  a  classical  tnatched  filter.  If  A:  =  0.  5  the  field  is 
similar  to  a  phase-only  filter  based  correlator;  if  k  =■  0,  the 
hardclip  binarization  we  use  here,  the  analogy  is  to  the  inverse 
filter  correlator  since  all  ampli'ude  infonnation  of  both  the  input 
and  reference  sigaals  has  been  elitninated.  These  filters  are  suc¬ 
cessively  more  sensitive  to  input  object  distortions,  so  by  vary¬ 


ing  the  nonlinearity  k,  the  sensitivity  of  the  system  to  targ^'t 
image  distortions  can  be  changed.  We  feel  this  concept  of  vuiy- 
ing  the  sensitivity  '  extremely  important  in  this  system.  Com¬ 
parison  of  images  at  either  extreme  of  the  scale  presented  here 
is  probably  not  ideal.  If  A:  =  1  ,  the  system  is  likely  to  be  fairly 
insensitive  and  false  alamis  will  occur,  while  if  A:  =  0  the  system 
will  be  too  sensitive,  requiring  the  target  print  to  be  extremely 
similar  to  the  reference  for  correct  identification.  In  the  next 
section,  we  describe  the  experimental  results  derived  from  com¬ 
paring  fingerprints  from  several  individuals.  We  have  success¬ 
fully  identified  individuals  using  a  system  employing  a  binary 
SLM,  encouraging  us  to  pursue  this  research  with  a  gray  scale 
device. 

3  EXPERIMENTAL  METHOD  AND 
RESULTS 

Tile  compact  optical  BJTC  system  is  shown  in  Fig.  2.  A  10- 
inW  He-Ne  laser  is  tlie  source  and  the  SLM  used  is  the  Semetex 
128  X  128  binary  electrically  addressed  device.  Adc  block  is  used 
in  tile  Fourier  plane  to  capnire  the  IPS  more  accurately.  '*’  We  have 
previously  shown  tliat  tlie  correlation  peak  intensity  c.an  increase 
by  a  factor  of  2  using  the  dc  block.  A  comparison  of  the 
fingerprints  of  five  indi\  iduals  is  done  to  e%  aluate  tlie  effectiveness 
of  this  system.  Two  distinct  fingerprints  from  the  riglit  -liand  index 
finger  of  each  individual  are  obtained.  Each  print  is  separately 
frame-grabbed  after  cleaning  tlie  prism  surface  and  stored  in  1 28  x 
1 28  binary  data  files.  Each  fingerprint  is  comp.ared  with  ail  otJier 
fingerpnnts  in  the  data  b,ase.  Tlie  two  fingerjirint  images  to  be 
compared  are  sep,arately  binarized  aroiuid  tlieir  resfX'ctive  av  erage 
value  and  reduced  to  64  x  64  images  that  ,are  placed  together  on  the 
SLM.  Tlie  IPS  IS  captured  by  a  CCD  camera  and  binarized  around 
its  average  value.  Tlie  biivinzed  IPS  is  displayed  on  the  SI  Al,  ,and 
the  resulting  correlation  observ'ed. 

Table  1  shows  the  results;  each  entry  FI  through  1-5  repre 
sents  the  two  distinct  fingerprints  taken  from  each  test  in 
dividual.  A  plus  sign  indicates  a  proper  identific.ation  while  a 
minus  sign  indicates  a  com-ct  "no  match"  resixiiise.  Tlie  iiulication 
w.as  simply  the  presence  or  lack  of  a  clear  and  distinguishable 

I'al'ic  1  |■|||}■^■^lrlnt  comparison  rcsulls  lailrics  11  lliroiip.li  I  .S  n  pn  si  iii  ilir 
Iwo  linfcqtriiils  olilaimal  I'nnii  cacli  Icsl  imlivnlitil  No  l.'.l'-c  al.iniis 
were  oliM'rveil  iluriii)',  lliesi'  Inals 
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l  3  l’lrxj>;!ass  fiiii’rrjiuiilc  'istvl  to  assist  iiulivuliLtls  in  placing  iIrmf  linger 
on  the  prism  in  iK*arly  tin*  s;inie  angular  onentatiini. 

correL'ilion  pe.ik.  In  our  limited  trials,  we  had  no  false  alanns. 
We  should  mention  that  a  guide  was  fashioned  on  the  prism  to 
help  the  individuals  place  their  finger  in  nearly  the  same  angular 
orientation  for  each  measurement.  A  guide,  such  as  the  one 
shown  in  Fig.  3,  is  essential  when  dealing  with  the  sensitive 
BJTC 

Figure  4(a)  shows  the  binarized  fingerprints  of  an  individual 
placed  on  the  SLM.  Tlie  print  on  the  left  is  the  stored  reference 
while  the  fingerprint  on  tlie  right  is  optically  read  and  fed  into 
tlie  system.  The  binarized  JPS  of  this  input  is  shown  in  Fig.  4(b) 
w  ith  the  corresponding  correlation  shown  in  4(c).  Tlie  correla¬ 
tion  nearest  the  dc  block  are  from  the  zeroth  order  while  the  out¬ 
side  correlations  are  from  the  first  replicated  orders.  The  |K*ak- 
to-secondary  ratio  of  the  correlation  is  3-to- 1  while  the  signal 
to  noise  ratio  (SNR)  is  27  using  the  metric'** 


SSR 


N  r/iLV 


(4) 


where  f'u  and  Nmt,  are  the  peak  height  and  nns  of  the  noise  in 
ihe  correlation  plane  w  hose  mean  has  Ix-en  subtnicted.  Tosim 
plify  the  calculation,  we  considered  all  (Kiints  e.xcept  the  cor 
relation  peak  as  noise.  The  typical  [x’ak  is  only  a  few  pixels 
wide  at  Its  base  so  counting  these  (Kunts  as  noise  dtx’s  not  ap 
preciably  affect  the  calculalion. 

Figure  “ita)  shows  the  binan/ed  fingerjirints  of  two  different 
imiividuals  displayed  on  the  SLM.  Figure  5(b)  sliows  the  re 
suiting  cross  correlation  pattern  with  energy  distnbuled  in  the 
correlation  plane  with  no  discernible  (x'ak  observed  T  he  ex 
perimenlal  conditions  for  this  response  are  the  same  as  Fig 
4(c)  The  resixinse  in  Fig  5(b)  is  reiiresenlalive  of  all  cross  cor 
relations  we  ex|x-rilnentally  observed 

In  attempting  to  reduce  the  seiisiliv  ity  ot  Ihe  IIITC  we  tried  a 
iii’w  ap|)roach  We  applied  a  ATh  law  nonlinearity  on  tlu-  JI’S 


(a) 


(C) 


I  i(’.  ■)  (.1)  l!nian/c<l  u  lrrciKC  ami  laipcl  priiil  of  llx-  sum-  nhljviUiLil  placol 

oil  iIk’  si  .M.  (l»)  |1k‘  |oint  piwiT  Nixs  iniiii  I’lmin/ol  around  tlx-  iiK-an 
valm-,  ami  (c>  llh'  n'Millinp  ct'mdalioii'. 


Ix'lore  binari/ing.  Raising  the  JI’S  lo  [xiwers  greater  than  unity 
should  accentuate  the  lower,  more  intensr',  spatial  frequencies 
while  sup|iressing  higlier  ones  yielding  less  sensitivity  in  the 
correlation  (ilaiie  Computer  simulatioas  showed  a  (x-ak  in  the 
SNR  .as  k  was  varied,  but  it  was  r'lily  improveil  by  a  few  |x'r 
ci-nt  Further  inv  (■stig.ilum  of  this  ap[iroach  is  under  way 
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(b) 


I'ig.  5.  (a)  Hiiiariml  ringcrpritiLs  of  (wo  iiulivuliiat.s  <IispIayo<i  on  tiic  Sl.M 
and  (b)  corrcla(ion  (vspoivsc  typical  of  all  cross-convlations. 

4.  CONCLUSIONS 

We  have  demonstrated  experimentally  a  simple  system  that 
optically  reads  a  fingerprint  and  optically  compares  it  with  a 
data  base  for  identification  purposes.  We  have  combined  the 
previously  demonstrated  methcxl  of  reading  the  fingerprint  with 
a  prism  with  the  binary  ITC  teclmiqiie  for  correlating  reference 


and  target  images.  The  hybrid  optical/digital  system  uses  a  PC 
to  store  the  reference  data  base  and  control  tlie  electrically  ad 
dressed  SLM.  Tliis  system  operates  well  using  tlie  binary  SLM 
and  we  had  no  false  alarms  in  our  trials.  Using  a  gray  scale 
SLM  would  unlock  the  full  potential  of  this  system  pennitting 
the  sensitivity  of  this  system  to  be  varied  to  enhance  perfor¬ 
mance. 
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Abstract  -  A  new  type  of  guided-wave  electro-optical  intensity  modulator  is 
proposed  and  analyzed  The  waveguide  consists  of  an  N-type  Si  core  layer  on 
a  P-iype  Si  substrate.  Foward  bias  on  the  N'-N-P-P*  diode  decreases  the 
refractive  index  of  the  core  and  displaces  the  fundamental  guided  mode 
downward  into  the  substrate.  However,  the  mode  is  not  extinguished  because 
the  substrate  is  bounded  byaP*  contact.  A  spatial  filter  at  the  output  converts 
the  mode  displacement  iruo  optical  intensity  modulation.  A  Poisson  and  con- 
tirmity  equation  solver  and  multilayer  waveguide  simulation  were  used  to  ob¬ 
tain  numerical  estimates  of  mode  displacement  in  a  realistic  structure. 


1.  INTRODUCTION 

It  has  been  established  that  elemental  silicon  can  be  used  for 
optical  waveguiding  at  the  optical  communication  wavelength 
of  1 .3  pm.  Several  active  devices  have  been  proposed  as  light 
modulators.  These  have  generally  been  of  two  kinds:  phase  and 
amplitude  modulators.  In  the  former,  a  large  change  in  phase 
ideally  occurs  for  a  minimal  increase  in  attenuation.  When 
used  with  an  interferometer  or  coupler,  this  can  provide 
amplitude  modulation  or  optical  switching.  For  the  amplitude 
modulator,  a  voltage-controlled  free-canier  absorption  is  used. 

The  present  paper  concerns  a  different  means  of  controlling 
the  optical  mode.  The  original  idea  was  that  of  the  mode-ex¬ 
tinction  modulator.  Here,  an  optical  mode  is  weakly  confined 
by  an  adjacent  substrate  whose  index  of  refraction  is  slightly 
less  than  that  of  the  “core”-guided  wave  region.  If  charge  injec¬ 
tion  is  mainly  into  the  guided  region,  the  core-substrate  index 
difference  may  be  reduced  sufficiently  by  the  plasma  dispersion 
effect  that  the  mode  is  no  longer  confined  but  radiates  into  the 
substrate.  However,  for  the  specific  device  structure  inves¬ 
tigated  below,  mode  extinction  does  not  strictly  occur  under 
conditions  of  high  injection.  Rather,  the  mode  is  displaced 
towards  the  substrate  such  that  a  significant  loss  of  intensity  is 
seen  for  propagation  in  the  core.  Hence  this  device  is  called  the 
mode-displacement  modulator. 

2.  DEVICE  STRUCTURE  AT  EQUILIBRIUM 

The  all-silicon  device  geometry  is  shown  in  the  perspective 

view  of  Fig.  1  (a)  and  the  cross-section  end  view  of  Fig.  1  (b). 

An  ohmic  contact  at  voltage  Vj  is  in  contact  with  a  1-pm  N* 

layer  at  2  X  10  cm'  .  This  is  followed  by  a  5-pm  N  layer 
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doped  to  3.5  X  10  cm'  in  the  ridge  geometry  shown,  then  a 
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34-pm  P  layer  at  6  X 10  cm '  is  followed  by  a  4-pm  P  layer 
at4X10  cm'  and  a  lower  contact  maintained  at  voltage  =  0. 

At  equilibrium  (  Fi  =  F2  =  0),  the  index  of  refraction  and  ab¬ 
sorption  coefficient  of  crystalline  silicon  at  1 .3  pm  are  given  by 
the  free-carrier  plasma  relations 

n  (1.3)  =  /lo  -  6.2  X  10'^^(cmV  -  6.0 

X  10'‘*(cm^'‘)F"*, 

a(1.3,cm'')=  cto+  5.9  X  10'**  (cmV  +  2.8 

X  10'“(cm^^^)F"^  (1) 

where  N  and  P  are  the  electron  and  hole  concentrations,  respec¬ 
tively,  and  no  =  3.504,  cto  =  0.  1  cm  ’  *.  Thus,  for  uniform 
doping  profiles  given,  the  permanent  index  and  absorption 
coefficient  profiles  vertically  through  the  device  (i.e.,  nonnal  to 
the  junctions)  are  as  shown  in  Figs.  2(a)  and  2(b).  From  the  fig¬ 
ure  it  is  seen  that  the  fundamental  mode  in  the  guided  n  layer  is 
confined  by  an  index  difference  of  An  -  8  X  10'^. 

The  question  of  the  existence  of  higher-order  modes  in  a 
structure  of  such  large  dimensions  is  of  importance  and  has 
been  investigated.  To  investigate  this  question,  we  employ  a 
three-layer  model.  Denoting  the  N* ,  N,  and  P  regions  by  1,2, 
and  3  respectively,  at  equilibrium  we  have 

ni(1.3  pm)  =  3.502  760, 

02(1.3  pm)  =  3.503  783, 

03  (1.3  pm)  =  3  .502  998, 

and  so 

Ann-^  02-01=  1.023  X  10 
Ao23  =  02  -  03  =  7.85  X  10 ' 

Ao31  =  03-01=  2.38X  10'“*. 

So,  approximately,  we  have  a  symmetric  waveguide  (01  =  03). 
For  this  case,  the  condition  for  a  guided  mode  is 
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Fig.  1.  (a)  Perspective  view  of  mode-displacement  modulator,  (b) 
Cross-sectional  view  of  device  geometry  with  dimensions  and  dopant 
coiKentrations. 

An  =  6n2  -  6ni  >  m^/ 4f^  (n2  -  ni)  ,  wi  =  0,1,2,...,  (2) 

where  A,  is  the  wavelength  of  light  in  vacuum,  and  t  is  the  thick¬ 
ness  of  the  guiding  layer  (layer  2).  In  the  approximation  of  a 
symmetric  guide,  the  fundamental  (m  =  0)  mode  is  always  sup¬ 
ported.  Substituting  X=  1.3  pm,  f  =  5  pm,  and  m  and  nz  given 
above,  the  first  excited  mode  (m  =  1)  is  supported  if 

A«21  >  2.41  X  10  "^. 

This  is  not  satisfied,  though  only  barely,  suggesting  that  only 
the  fundamental  (m  =  0)  mode  is  supported.  This  argument  is 
only  approximate,  however.  The  plane-waveguide  simulations 
reveal  the  possible  existence  of  higher-order  modes  with  many 
zeros  in  intensity  uniformly  distributed  throughout  the  struc¬ 
ture.  However,  these  higher-order  modes  are  believed  to  be  of 
subsidiary  importance  because  (i)  the  relative  intensity  of  the 
mode  in  the  guided  N  region  is  small,  and  (ii)  the  attenuation  is 


Fig.  2.  (a)  Index  of  refraction  at  Fj  -  0  and  X  -  1 .3  pm  as  a  function  of  dcpili 
below  the  surface,  (b)  Absoibtion  coefficient  at  F2  ■  0  and  X  -  1 .3  pm 
as  a  function  of  de|:^  below  surface. 

higher  than  that  of  the  fundamental  mode,  similar  to  the  attenu¬ 
ation  of  the  fundamental  displaced  mode  discussed  below. 

3.  ELECTRICAL  AND  OPTICAL 
SIMULATIONS 

Next,  the  situation  under  foward  bias  {Vi  =  0,1^2  <  0)  will 
be  examined.  Increasing  foward  biases  ranging  from  0.8  to  1 . 1 
V  in  0.05-V  steps  were  applied.  The  two-dimensional  device 
structure  shown  in  Fig.  1  (b)  was  simulated  on  Pl.scix  2B  at 
each  value  of  foward  bias.*  For  the  purposes  of  the  present 
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study,  the  output  data  of  importance  are  the  two-dimensional 
election  and  hole  concentrations  at  each  mesh  point,  N(x,y)  and 
P{x,y),  respectively.  At  each  mesh  point  (x.y)  the  local  index 
and  absorption  coefficient  n(x,y)  and  a(x,y)  at  1 .3  pm  are  given 
by  Eq.  ( 1)  with  N  =  N(x,y)  and  P=  P(x,y). 

The  subsequent  optical  simulations  were  perfonned  on  the 
plane-waveguide  program^  provided  to  us  by  Ritter  of  the  Mar¬ 
tin  Marietta  Corporation.  This  program  calculates  the  modes  of 
a  multilayer  slab  waveguide  and  is  therefore  one  dimensional. 
Each  slab  is  characterized  by  a  thickness  (except  for  the  semi¬ 
infinite  boundary  layers),  an  index  of  refraction  n,,  and  an  ab¬ 
sorption  coefficient  a/.  In  order  to  obtain  these  input  data  from 
tlie  l>lSCluS-2B  simulations,  the  electron  and  hole  concentrations 
were  spatially  averaged  over  the  horizontal  x  dimension  of  each 
row  to  obtain 


1 

ivty)  =  77“:/  ^xn  (x,y) , 

=  dxP(x,y),  (3) 

where  L  (y)  is  the  length  of  the  slab  at  point  y.  In  discretized 
fonn, 

N{yi)  =  ~  (Xi,yj) , 

‘  j 

^i)  =  j-YP{xi,yy).  (4) 

rflj 

j 

For  each  yi,  the  local  index  of  refraction  n  (y,)  and  absorp¬ 
tion  coefficient  o.{yi)  are  then  obtained  as 

fi(yi)  =  no  -  aN(y,)  -  f\y,f  ^  , 


a(y,)  =  OO  -  C/V(y/)  -  d/\y,)' (5) 

where,  at  1.3  pm,  no  =  3.504,  a  =  6.2  XlO'  cm'^,  b  =  6.0 

XlO'  '^^cm^  "*,  ao=  0.1  cm’’,  c  =  5.9XlO’^’’cm^,  and  d  =  2.8X 

10-20  2..'» 

10  cm 

The  values  of  n  (y,)  and  a(yi)  so  generated  serve  as  input  pa¬ 
rameters  to  the  plane-waveguide  program.  A  five-layer  system 
was  simulated,  the  layers  being:  air  (n  =  1.0,  a  =  0),  N* ,  N,  P, 
and  P' .  The  bounding  air  and  P*  regions  are  semi -infinite  in 
extent.  As  output,  the  program  provides  the  structure’s  modal 
index  (propagation  constant)  p,  the  attenuation  constant  a,  and 
the  spatial  distribution  of  the  optical  intensity  as  a  function  of  yi. 
Forward  biases  of  0.9  and  1 . 1  V  will  be  examined.  As  noted 
earlier,  smaller  voltages  were  also  employed,  but  appreciable 
perturbations  of  the  carrier  densities  only  occurred  for  voltages 
less  than,  but  of  the  order  of,  the  built-in  voltage  liii.  Figures  3 


Fig.  3.  Hectron  and  hole  conccntiations  al  F2  -  .0.9  V  and  al  X  -  1  3  jim  as  a 
function  of  depth  below  surface. 


and  4  show  N(y,)  and  P{yi)  at  1 .3  pm  at  0.9  and  1 . 1  V,  respec 
tively,  in  the  vicinity  of  the  p~n  junction.  The  enhanced  values 
of  these  quantities  are  noted.  It  is  also  noted  that  under  condi¬ 
tions  of  high-level  injection  operative  here  ( V  <  k^i),  major¬ 
ity-carrier  injection  is  as  important  as  minority-carrier  injection, 
i.e.,  the  majority-cairier  distribution  follows  the  minority-car¬ 
rier  distribution  in  order  to  insure  local  charge  neutralility.  Fig¬ 
ures  5(a),  5(b),  6(a),  and  6(b)  show  the  index  and  absorption  co¬ 
efficient  at  1 .3  pm,  as  obtained  from  Eq.  (5),  at  0.9  and  1 . 1  V. 
The  pointwise  index  and  absorption  coefficient  data  shown  in 
these  figures  served  as  input  data  to  the  plane-waveguide  opti 
cal  simulations.  Also,  the  data  described  by  Eq.  ( I )  and  shown 


F'ig.  4.  Elrx;lmiian(lliolcc(Hiccntialiuiisiit  Fi  - -1  IV  aiKl  al  X  -  I  3piiiasa 
fiuKTtion  of  dcptli. 
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Fig.  5.  (a)  Index  of  refraction  for  Fz  -  -0.9  V  and  X  -  1.3  fun  as  a  function  of 
depth,  (b)  Absoibtion  coefficient  for  Fz  -  -0.9  V  and  X  -  1.3  pm  as  a 
function  of  depth. 

in  Figs.  2(a)  and  2(b)  served  as  input  for  the  device  structure  at 
equilibrium  (  V2  =  0) 

4.  RESULTS  AND  DISCUSSION 

The  results  of  the  optical  simulations  are  shown  in  Fig.  7.  Fig¬ 
ure  7  shows  the  optical  intensity  distribution  of  the  TEo  funda¬ 
mental  mode  at  the  modulation  voltages  of  zero  and  1 . 1  V.  Con¬ 
sidering  first  the  zero-bias  case,  the  intensity  is  seen  to  be 
largely  confined  to  the  waveguiding  N  layer.  The  modal  index 
here  is  P  =  3.503  12  and  the  attenuation  is  12-36  dB/cm. 

Only  the  larger  foward  bias  of  1 . 1  V  will  be  considered  here. 
(Foward  bias  is  here  achieved  by  setting  Fi  =  0  and  setting  F2, 
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Fig.  6.  (a)  Index  of  refraction  for  Fz  -  - 1 . 1  V  and  X  -  1 .3  pin  a.s  a  fiuK  iioii  of 
depth,  (b)  Absorbtion  coefficient  for  Fz  -  - 1 . 1  V  and  X  -  1  3  pm  as  a 
function  of  depth. 

the  voltage  applied  to  the  N*  contact,  negative.)  For  this  bias,  it 
is  seen  in  Fig.  7  that  the  optical  intensity  of  the  fundamental 
mode  is  substantially  displaced  from  the  Af- waveguiding  region 
into  the  P  substrate.  The  modal  index  is  decreased  to  P  =  3.502 
92  and  the  attenuation  is  increased  to  15.62  dB/cm.  The  behav¬ 
ior  of  the  TMo  mode  was  essentially  identical  to  that  of  the  TEo 
mode. 

Hie  impottant  effect  of  the  applied  bias  is  the  displacement  of 
the  fundamental  mode  overa  distance  sufficiently  large  (  ~  19  pm) 
that  the  loss  of  optical  intensity  in  the  /V-waveguiding  region  is 
easily  detected.  Higher-order  modes  were  not  seen  in  the  pres¬ 
ent  example,  but  it  has  been  argued  that  their  possible  existence 
would  not  obviate  our  conclusions.  The  effect  of  the  applied 
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Mg.  7.  TBb  mode  intaisity  for  X  -  13  jiin  al  (^2 ' 0  and  ^2  -  -  1  1  V  as  a 
fiuicUan  of  depdi  below  siufacc 

bias  on  the  modulation  of  the  phase  and  intensity  ate  of  lesser 
importance.  The  change  in  modal  index  is  Ap  ■  2  XlO '  cor¬ 
responding  to  L  (It)  -  3.25  mm,  while  the  attenuation  inctease  is 
3.26  dB/cm.  Neither  of  these  would  qualify  the  device  as  an  ef¬ 
fective  phase  or  amplitude  modulator. 

The  electrical  current  density  is  an  important  electrical  char¬ 
acteristic  that  must  be  checked  to  insure  that  there  is  not  exces¬ 
sive  dissipation.  The  I-  V characteristic  of  the  diode  is  shown  in 
Fig.  8.  A  foward  bias  of  0.9  V  corresponds  to  a  current  density 
of 

y- 10  '’/12X  10*-  833A/cm^. 

At  1 . 1  V,  this  will  increase  by  approximately  a  factor  of  4  cor¬ 
responding  to  a  current  density  of  3333  A/cm^.  To  limit  y  to 
2 

2000  A/cm  ,  the  bias  would  have  to  not  exceed  1 .0  V. 

5.  CONCLUSIONS 

Using  PI.S(lvS-2n  software  and  multilayer  waveguide  theory, 
we  have  analyzed  a  new  type  of  semiconductor  guided-wave 
electro-optic  intensity  modulator.  We  simulated  electron  and 


lig  8  t-Hinml  doisily  (A/fun)  vs  a|>|>lir(1  vollagr  ( -  P2) 

hole  injection  into  a  planar  air-clad  silicon  N*-N-P-P  '  -diode 
rib  guide  during  foward  bias.  The  carrier-induced  index  de¬ 
crease  in  the  Af-type  core  displaces  the  fundamental  guided 
mode  downward  into  the  substrate,  but  the  mode  is  not  cut 
off  because  the  P-type  substrate  is  bounded  by  a  lower- index 
P  contact.  At  zero  bias,  the  mode’s  core-substrate  intensity 
distribution  is  about  55%/45%,  while  at  full  bias  ( k'a|)|.iini  " 
H)i  "  1  V)  the  distribution  changes  to  about  5%/95%  A  spa 
tial  filter  at  the  end  of  the  active  electroded  region  will  trans¬ 
form  the  mode’s  spatial  displacement  into  optical  intensity 
modulation.  For  example,  an  aperture  that  blocks  the  substrate 
light  but  passes  the  core  light  is  a  suitable  filter.  Alternatively, 
the  active  guide  could  be  end  coupled  to  a  more  tightly  bound 
guide  with  a  similar  core  height,  such  as  a  silicon-on-insulator 
or  GeSi/Si  guide.  The  second  guide  would  discriminate  against 
substrate  light.  Dual-aperture  filters  would  produce  1  X  2  opti¬ 
cal  switching. 
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Abstract  -  Planar  optical  waveguides  have  been  formed  in  SIMOX  structures 
and  their  propagation  characteristics  have  been  determined  All  the  samples 
were  found  to  support  both  TE  and  TM  modes  at  both  1. 15  pm  and  1.523  pm 
with  a  lowest  propagation  loss  of  8  dB/cm.  This  loss  was  measured  at  a 
wavelength  of  1.15  pm  for  the  TEo  mode  of  a  planar  waveguide  with  a  2.0-pm- 
thick  Si  guiding  layer. 


1.  INTRODUCTION 

Optical  waveguiding  in  SIMOX  structures  was  first 
demonstrated  by  Soref  era/.  [1]  in  1989.  With  silicon  (Si)  being 
transparent  above  a  wavelength  of  1 .05  pm  and  with  the  refrac¬ 
tive  indexes  of  Si  and  silicon  dioxide  (Si02)  being  3.5  and  1 .5, 
respectively,  this  material  system  is  suitable  for  strongly  con¬ 
fined  passive  optical  waveguiding  stmetures.  Active  devices, 
such  as  modulators  based  on  carrier  injection,  have  been 
proposed  [2]  and  developed  [3]  although  they  have  yet  to  reach 
the  point  where  they  are  useful  for  communications  applica¬ 
tions.  This  technology  is  also  suitable  for  the  development  of 
intrachip  optical  interconnects. 

SIMOX  structures  are  Si-based  and  have  a  surface  silicon 
layer  isolated  from  the  Si  substrate  by  a  layer  of  Si02,  which  is 
formed  by  the  high  dose  implantation  of  oxygen.  Post  implan¬ 
tation  annealing  is  required  to  remove  the  implantation  induced 
damage  by  regrowth  from  the  top  Si  layer,  resulting  in  the  for¬ 
mation  of  a  high  quality  epitaxial  Si  layer.  It  has  been  shown 
that  this  Si  layer  has  extremely  good  electrical  properties  and 
has  been  used  to  fabricate  some  state  of  the  art  devices  [4]. 

In  this  work  SIMOX  waveguide  structures  have  been  fabri 
cated  and  the  propagation  characteristics  have  been  determined 
both  experimentally  and  theoretically  and  it  is  the  first  report  of 
waveguiding  being  obtained  in  SIMOX  structures  at  a 
wavelength  above  1.15  pm.  The  results  show  that  the 
waveguides  support  both  TE  and  TM  modes  at  wavelengths  of 
1.15  and  1 .52  pm  with  the  lowest  propagation  loss  of  8  dB/cm 
being  obtained  for  the  TEo  mode  at  a  wavelength  of  1.15  pm. 

2.  EXPERIMENTAL  METHOD 

Samples  of  Si  were  implanted  with  160  keV  oxygen  ions  to 

f  O  .9 

a  dose  of  1 .6  x  10  cm  and  annealed  at  1 300°C  for  6  h,  which 
produced  a  buried  oxide  layer  thickness  of  0.4  pm  and  a  top  Si 


Fig  1  SIMOX  sample  slructiin* 

layer  thickness  of  0.15  p  [5).  Subsequently  a  2  pm  thick  layer 
of  epitaxial  Si,  with  a  carrier  concentration  of  ~  10*"'  cm  *,  was 
grown  by  chemical  vapor  deposition  (CVD)  on  the  sample  sur¬ 
face.  In  order  to  investigate  the  effect  of  the  thickness  of  the  top 
silicon  layer  (i.e.,  the  guiding  layer)  on  the  propagation  charac¬ 
teristics  of  the  waveguide,  the  samples  were  annealed  at  1000°C 
in  N2  for  periods  up  to  18  h  in  dry  oxygen  to  oxidize  varying 
thicknesses  of  the  top  Si  layer.  This  sample  structure  is  shown 
in  Fig.  1. 

Waveguide  measurements  were  carried  out  using  He-Ne 
lasers  operating  at  1.15  and  1.523  pm,  respectively.  The 
samples  were  cleaved  and  the  endfaces  were  polished  to 
produce  flat  parallel  surfaces  through  which  the  light  was 
coupled  into  and  out  of  the  waveguide  using  X40  microscope 
objectives.  The  output  beam  intensity  and  mode  profile  were 
measured  using  a  Ge  diode  and  an  IR  camera  interfaced  to  a 
video  analyzer,  respectively,  to  enable  the  waveguide  loss  and 
intensity  profile  of  the  propagating  modes  to  be  detennined. 
The  number  of  modes  was  piredicted  from  a  simple  computer 
simulation  of  the  waveguide  structure,  assuming  abrupt  SiSi02 
interfaces.  The  waveguide  excitation  was  optimized  to  excite  a 
single  propagating  mode,  which  was  confimied  by  examination 
of  the  >vaveguide  output  beam  using  the  camera. 

The  number  of  modes  supported  by  the  waveguides  and  their 
intensity  profiles  were  predicted  by  a  solution  of  Maxwell's 
equations,  assuming  abrupt  Si-Si02  interfaces  and  unifonn  Si 
and  Si02  refractive  indexes. 

3.  RESULTS  AND  DISCUSSION 

The  results  of  the  modeling  showed  that  all  the  waveguides 
studied  here  were  multimode  for  the  wavelengths  used  It 
showed  that  they  support  three  TE  modes  for  a  0.55  pm  thick- 
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Fig  2.  llir  variation  of  TEo  and  TMo  propagalit^n  loss  wiili  si!ic<mi  guiding 
layer  lliicknrss  at  a  wavclcngtli  of  1  LVia  ( . TMo.  - . Tr^) 


F'ig  3.  Same  as  Fig  2.  Inil  for  a  wavclcngtli  of  1 .523  pm. 
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Si-guiding  layer  and  eleven  TE  modes  for  a  2  ^jm  thick  Si-guid¬ 
ing  layer  at  a  wavelength  of  1 . 1 5  pm.  At  a  wavelength  of  1 .523 
pm  these  values  decreased  to  two  and  nine  for  the  0.55  and  the 
2.0  pm  Si  guiding  layer  thicknesses  respectively. 

The  profile  of  the  waveguide  mode  at  the  output  is  basically 
that  of  a  single  mode  waveguide.  However,  with  regard  to 
studying  the  waveguide  propagation  loss,  since  the  mode 
profile  has  an  approximately  Gaussian  shape,  the  approximate 
mode  overlap  loss  between  the  input  laser  beam  and  the 
propagating  mode  for  one  dimension  (the  depth)  only  has  been 
made  This  enables  a  more  accurate  calculation  of  the  propaga¬ 
tion  loss  to  be  made. 

The  variation  of  the  fundamental  mode  propagation  loss  with 
Si-guiding  layer  thickness  is  shown  in  Figs.  2  and  3  for 
wavelengths  of  1.15  and  1.523  pm,  respectively.  These  results 
have  been  calculated  by  subttacting  the  Fresnel  reflection  loss  (-  3 
dB)  and  an  estimate  of  the  mode  overlap  loss  from  the  measured 
insertion  loss.  Due  to  the  very  large  numerical  apjerture  of  the 
Si  waveguide,  the  angle  of  divergence  of  the  waveguide  output 
beam  is  very  large,  making  it  very  difficult  in  practice  to  collect 
all  of  the  waveguide  output  beam  and  measure  its  intensity. 
Consequently,  it  is  likely  that  the  intensity  of  the  output  beam  is 
greater  than  the  measured  value,  in  which  case  the  measured 
values  of  insertion  loss,  and  therefore  propagation  loss  will  be 
higher  than  the  actual  value  in  the  waveguide  due  to  the  meas¬ 
urement  technique. 

A  comparison  of  the  insertion  loss  of  the  waveguides,  given 
in  'fable  I ,  and  their  propagation  loss,  given  in  Figs,  2  and  3,  in 
dicate  that  the  mode  overlap  loss  and  the  waveguide  coupling 


Tabic.  l.Thc  iiLscriion  lo<y*  values  for  waveguides  witli  various  values  of 
Si-Guidmg  layer  lluckncss 


Sample 

Lengtli 

Guiding  layer  j 
Thickness  j 

Wavclcngtli 

j  Inscriion  Loss  (dH) 

1  . 

(mm) 

(pm)  1 

()im) 

'  TEo  Mode  ; 

TMo  Mode 

20 

2.0 

1  l.S 

9.6 

108 

2.2 

l.M 

1,15 

120 

13  4 

2.0 

I  17 

1  15 

120 

12.8 

2.1 

o.s.s 

1  15 

12.4 

12.9 

- - - 

— 

20 

2.0 

1.523 

1  10.0 

110 

2.2 

104 

1.523 

13  1 

14  6 

20 

1  17 

1.523 

13.8 

14.3 

2  1 

OS.*! 

1  523 

13.1 

13.8 

loss  are  considerably  greater  than  the  w’aveguide  propagation 
loss.  Therefore,  any  clianges  in  the  coupling  of  the  laser  beam 
into  tile  waveguide,  s.'hich  is  difficult  for  the  reason  described 
above,  would  result  in  an  incre.ase  in  tlie  propagation  loss  of  the 
waveguide  because  of  the  method  used  to  calculate  the 
propagation  loss.  Thus,  the  values  of  the  propagation  loss 
presented  here  are  probably  larger  tluin  tlie  actual  values  in  the 
waveguide. 

We  believe  that  tlie  observed  waveguide  propagation  loss  is 
caused  primarily  by  the  opitical  scattering  loss,  including 
voliune  scattering  due  to  crystal  lattice  defects  in  the  Si-guiding 
layer  (mainly  threading  dislocations)  and  surface  scattering  due 
to  roughness  at  the  Si-SiO:  interfaces.  Our  samples  had  a 

V  .T 

defect  density  of  apiproximately  10  '  cm  a  density  th.-it  can  lie 


reduced  below  10^  cm  ^  by  using  multiple  low-dose  O*  im¬ 
plants  [6].  Our  samples  also  had  Si  twinning  defects  extending 
200  A  from  the  buried  Si-Si02  interface.  These  twins  can  be 
avoided  by  different  sample  processing.  The  reasons  for  the 
higher  losses  found  at  1 .523  pm  wavelength  are  not  fully  under¬ 
stood.  There  are  two  loss  contributions  which  increase  with  in¬ 
creasing  wavelength.  The  fust  is  free  carrier  absorption  in  the 
Si-guiding  layer.  The  second  is  the  finite  thickness  of  the  buried 
oxide  layer  which  results  in  some  energy  of  the  propagating 
mode  being  coupled  into  the  Si  substrate.  In  other  words,  the 
evanescent  field  penetration  into  the  oxide  layer  increases  with 
increasing  wavelength,  as  reported  by  Kurdi  et  al.  [7].  The  ab¬ 
sorption  and  mode  penetration  factors  offer  a  partial  explana¬ 
tion  of  the  1 .523  pm  results. 

The  effect  of  the  surface  oxide  layer  is  not  expected  to  be  sig¬ 
nificant  because  the  refractive  index  difference  between  air 


(n  =  1 .0)  and  Si02  (n  =  1 .5)  is  not  nearly  as  large  as  is  the  refrac¬ 
tive  index  difference  between  Si  (n  =  3.5)  and  these  materials 
Computer  simulation  of  the  TEo  mode  profiles  shows  that  this 
assumption  is  correct.  They  also  show  tliat  the  amount  of  light 
coupled  into  the  Si  substrate  is  small  since  the  amplitude  of  the 
evanescent  field  at  the  Si-S02  interface  is  small. 

4.  CONCLUSIONS 

The  results  show  that  low  loss  single  mode  waveguides  may 
be  fabricated  in  SIMOX  structures.  These  waveguides  support 
both  TE  and  TM  modes  at  both  1.15  and  1 .523  pm  and  have  a 
minimum  propagation  loss  of  8  dB/ctn  for  the  TEo  polarization 
at  1.15  pm. 
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Abstract  -  A  new  SiCh-Si-SiCh-Si-SiOa-Si  structure  produced  by  the  SIMOX 
process  is  used  for  duaL  vertically  integrated  waveguiding  in  silicon  at  X=  1.3 
pin  Independent  wa\eguiding  is  observed  when  2-pn\-thick  Si  cores  are  sep¬ 
arated  by  036-pm-thick  SiOi  Coupled  waveguiding  is  found  for  an  0.12  pm 
intercore  oxide  thickness. 


1.  INTRODUCTION 

Techniques  for  three-dimensional  (3-D)  integration  of 
waveguides  are  needed  to  expand  the  capabilities  of  silicon- 
based  integrated  optics.  This  paper  reports  waveguiding  in  ver¬ 
tically  integrated  pairs  of  Si  guides  in  a  new  six-layer  Si02-Si- 
Si02-Si-SiC)2-Si  stmeture.  Dual  waveguiding  in  Si  at  1.3  pm 
was  observed.  Vertical  directional  couplers  and  uncoupled 
guides  were  examined.  The  multilayer  structure  was  fabricated 
by  a  repeated  sequence  of  oxygen-ion  implantation,  annealing, 
and  Si  epitaxy.  Vertical  3-D  integration  of  silicon-on-insulator 
(SOI)  waveguides  has  potential  applications  in  opto-electronic 
integration,  including  wafer-scale  optical  interconnects. 

Fig,  1  shows  our  double  SOI  structure  in  which  optical  guid¬ 
ing  occurs  in  two  Si  levels.  In  this  structure,  the  layer  thickness 
is  designated  as  to  for  the  Si02  cap  layer,  d\  for  the  first  Si  core 
layer,  ti  for  the  first  buried  oxide  layer,  d2  for  the  second  Si  core 
layer,  and  l2  for  the  second  buried  oxide  layer. 

2.  THEORY 

A  range  of  physical  behavior  occurs  when  intercore  oxide 
thickness  f  i  is  increased  from  50  to  500  A,  and  then  from  500  to 
5000  A.  At  50  A,  leaky  mode  guiding  occurs  [1].  The  confine¬ 
ment  at  -  500  A  changes  to  conventional-mode  guiding  with 
strong  mutual  coupling  of  the  Si  cores.  Finally,  at  5000  A,  the 
cores  becomes  independent  and  the  guides  are  uncoupled.  The 
computer  program  of  Soref  and  Ritter  [  1  ]  was  used  to  calculate 
the  effect  of  t\  upon  coupling  strength.  Results  for  the  Fig.  I 
stmeture  are  presented  in  Fig.  2  for  the  TE  and  TM  polanza- 
tions  at  the  optical  wavelengtlis  of  1.3  and  1 .55  pm.  Fig.  2,  the 
predicted  coupling  length  (the  propagation  length  needed  to 
transfer  100%  of  the  optical  power  from  core  1  to  core  2)  is 
plotted  as  a  function  of  ti  In  this  calculation,  it  was  assumed 
that  both  cores  were  2  pm  thick,  that  to  =  1  pm,  and  that  f2  = 
3700  A.  These  numbers  correspond  to  experimental  samples 


I'ig.  1 .  Six-layer  stniciiire  for  vertical  3-1)  iiilcgralioii  of  SOI  wavcguiik^s. 


inlcr^ide  oxide  thicknesf,  t,,  ( ^m) 

Fig.  2.  Calculated  coupling  length  vereiis  fi  for  dual  wavcgniding  ii.  Fig.  I 
wiili  fo  -  1  pin,  rfi  -  “  2  pm,  and  tz  "  0.37  pm. 

discussed  below.  It  is  found  that  TE  modes  couple  more 
strongly  than  TM  modes,  which  agree  with  an  earlier  finding 
that  the  rate  of  optical  leakage  into  the  substrate  of  a  simple  SOI 
waveguide  is  greater  for  TE  light  than  for  TM  light  when 
di  >  0.4  pm  [2].  For  samples  with  fi  =  1200  A  (discussed 
below)  the  coupling  lengths  in  Fig. 2  range  from  0.6  to  1 .2  mm 
(TE)  and  3-6  mm  (TM).  The  calculation  of  coupling  length  Lc 
was  repeated  for  thinner  cores,  d\=d2=  1  pm,  and  it  was  found 
that  the  ratio  Lc/H  was  1/9  of  that  for  2  pm  cores.  Our  calcula¬ 
tions  also  show  that  intrinsic  propagation  losses  due  to  leakage 
of  light  through  to  and  t2  are  less  than  0.02  db/cm  for  Fig.  2. 

3.  SAMPLE  PREPARATION 

The  SIMOX  process  produced  good  results.  Starting  with  a 
100-mm-diam  p-typte  (lOO)-Si  substrate,  an  ion  fluence  of  1.6X 
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U)  <)  1  11!  '  was  lliipl. '.nil'll  .It  KiO  krV  I  Ih-  wali'i  w.is  an 
iumIisI  al  I  .'(K)  'X '  in  N:  Ic!  (>  li,  thru  fiin  I 'T I -1)11.1X1.1 1  Si  w.is 
i-ii  n  I'S'  ilit-niii'.il  \ •"I  . !  js .  Ill,  'll  ((  \‘  I  >  •  .11  I  hi-  iii'i'!  iiiti  il 
u.ili-l  I'lil'.  Ii)|li)\xril  la.  a-iii'li.l  InUki-V  li  iini'l.inli-il  .il 
ihi-  I .()  X  l(l'^  rill  ’  tk)-:!'.  Iiv  .iliolhi'l  ('  h  Ml  X)'  (  '  .inii-'.il.  .iil.l  I'X 
a  srcciul  Si  i-pilaxy  2  jiini  lliii  k.  nit'ii  an  Si( caj)  l.ivi-i  1  jim 
lliick  w.r.  ilc|H)'.ltc(l  aU>p  lIu-  w.ili-l  llir  n-  nil  w.i-i  .)  1  ii’.  1 
stniriiir.- with  fn  1  fini .  (/i  2  pm.  fi  (M7(ini,</j  l()iim. 

f)  0  .17  pin,  ilrsipliali-d  sample  lyjK- .!  II  -n-,  the  I'.xd  Si  imiiler. 
are  e-.-.entially  iineonpled  I'o  m.ike  a  xa-Hie.d  direeliniial 
eoiil’lel  (‘.ample  type  /(),  we  repeateil  llu‘  .il'nve  lal)rieatl>>n 
I'liH-i-is,  exee|)|  tint  tin-  -k-eniid  implant(s)ci insisted  of  4X10  ‘  i) 
cm  ‘ '  .iiineal  *  2X  lo'^o'  iin-  *  aniu-al.  This  prixlnee<l  an 
interpnide  o.xide  tliiekiiess  of  only  0  12  pm  which  pnxliiced 
stroiip  eouplinp.  .Sami'les /)’ had /ii  1  pm,//!  2  pm, /i  0.12 

pm,  til  -  1  0  pm.  iukI  II  0  .V)  pm 

The  pn-seiice  of  tlie  1  pm  SiO,;  c.ip  layer  was  found  to  U* 
helpful  tx'cansi'  in  tliat  c.ise  the  first  core  layer  was  tinned  1  pm 
Ix-loxx  the  tiip  sulfate  of  the  u.der  file  hiitied  core  proxed  to 
K-  Ix-iieficial  wlieii  llii‘  wafer  ends  were  ixilished  afti-r  dicinp. 
Duriiif.'  iKifisliinp,  micron  si/ed  chips  fre(|uenily  ap(x‘ar  in  the 
ti'|)  cornel  of  tlie  sample  end,  anti  those  c!ii[>s  art'  noxv  ItKatetl  in 
the  uiijx'r  clatitlinp  railier  tliaii  in  waxepuitle  ctire  1 ,  facilitalinp 
.1  siiux'lhei  launch  tif  hphi  in  the  v'ore 

liailier,  wf  ilemi'listraletl  wavepuitlilip  in  i.imple  .SOI  j.i] 
Tilt'  e.xix'rimental  wtirk  of  Davit's  t’l  til  [4]  aiitl  Weiss  <•/  til  (5) 
on  simplt'  .S(4I  puith's  shows  that  die  luiiilamt'iilal  niotle 
piiip.ipation  Itiss  in  praclict  is  much  liieher  tli.in  the  intrinsic 
leakape  Itiss,  anti  that  the  a  lii.il  loss  Is  ptixeinetl  fiy  the  prest'iice 
tif  tk'fects,  such  as  thie.itlinp  ili-.Iocatioiis,  m  the  Si  l.iyt't  It  was 
ftiuiitl  that  the  annealinp  proct-ss  playetl  a  rtilt'  in  minimi/inp 
Ixitfi  the  tlefecl  tieiisity  and  nuxle  los.s  In  this  ctiiineclion,  we 
iist't!  ti.iiismissitin  electron  micitiscopy  to  exainiiit'  a  citiss  sec 
tion  of  our  samples  (X  I  l'-Mp  l  ie  .1  shows  the  X  1  l-.M  of 
simple  lv|x'  .1  (minus  the  oxiile  c.ip)  I  hi'  dt'fet  t  tli'iisity  in  this 
icimple  is  III  the  raiifie  of  10^  cm  ‘  Ha'j'tf  on  otlu'r  t'xjx-rinieiits 
[(>1,  |7],  we  Ix'lieve  that  it  is  [xissihle  Iii  retfnce  the  tiefect  tleii  .ily 
in  the  six  layer  .SOI  wafers  to  less  than  lO'  cm  "  usinp  mullipfe 
low  tio-x-  o'  im|il.tnts  [(ij  or  hi.eh  temix-r atui.'  ini|)Iants  [7] 

•1.  liXI'I'RIMliNTAl.Kli.Slil.'I'S 

H.itche  .of  rectanpul.il  Sinij lie  ,  ly|x' .A. 11  111  It  with  prop.i;-,i 
(loll  lelipths  (/.)  of  7  to  IS  mm.  weie  prep.iletl  I  ol  •'lid  llle  op 
Ileal  launch,  tlu'  sainplt'  t'lul-.  wi-n-  iHilished  '.Mih  1  .iiitf  ()2> 
uni  tll.imoiiil  paste  U-.inp  .i  -toX  nilcrosco]x-  ohjectixe,  1  .'pm 
1.1. er  llpht  W.IS  ftK  iist'tl  intti  one  cole  ol  tlu'  -  ainplt'  I  hi'  input 
I'K.il  s|H)t  hatl  an  (’  '  di.iineter  of  .ilxint  I  (>  fiiii,  w filch  alltiwa-il 
indiviiliial  excitation  of  the  tliial  core-.  I’o  excite  the  core-,  in  -.c 
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tiiienct',  the  sample  was  moved  vertically  in  submicron  incre 
meiits  at  ripht  anple.s  to  the  fixetl  in|)ul  Ix'am.  The  lu'ar  field 
raili.ition  patient  of  txilh  wavepiiide  oiilpuls  was  imaged  al  high 
mapnificatioii  onlti  an  infrared  vitficon. 

lair  simplest,  it  was  fontui  that  05%  of  the  light  remainerl  in 
the  original  e.xcitetl  guide,  either  guide  1  or  guide  2,  implying 
licit  tlx'  giiidi's  were  not  coupled.  The  small  fraction  of  light  in 
the  .ulj.icent  guide  xvas  altribuled  to  optical  tail  t'xcilation  by  tlu' 
Xi.iussiaii  input  Ix'am  I-'or  .sim|)les  /I,  excitation  of  1  prtxiiiced 
-.imuliaiu'oii';  emission  from  Ixilh  cores  w  ilh  an  approxim.ali' 
(td/  lO't  |K)wei  ill  .triliiilion  As  the  o|)lical  input  chaiipi'd  from  I 
to  2  during  till'  lut'chaliical  scan,  llu'  outputs  switched  from 
(lO/  lOio  lO/tiO,  im|)|ymp  coupling  Ix'tween  Si  levels  1  and  2.  A 
viilet)  line  sc.in  of  the  dual  Tliotiipiii  from  simple  H  with  I.  0 
mm  IS  show  n  in  I’ig  4  Simil.ir  n'siilts  were  obtained  for  TM 
niixle-. 
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by  injection,  acciunulation,  depletion,  or  inversion  of  charge 
( the  free  carrier  plasina  effect ).  The  voltage-controlled  cliaige- 
carrier  manipulation  is  produced  by  an  MOS  or  pn  diode. 

Optical  interconnects  are  another  potential  application  for  the 
dual  SOI,  One  can  envision  a  two- level  interconnect  in  which 
electronic  circuits  are  located  in  the  top  Si  layer.  Optical  clian- 
nel  waveguides  situated  in  the  lower  Si  layer  would  pass 
beneath  tlie  circuits.  Tliere  could  also  be  cliannel  waveguides  in 
the  top  Si  layer,  and  those  guides  could  communicate  at 
selected  locations  with  circuits  in  the  top  level  or  with  guides  in 
the  lower  level,  shuttling  light  from  1  to  2  and/or  from  2  to  1 .  In 
this  manner,  a  complex  3-D  optoelectronic  interconnect  could 
be  created. 


6.  CONCLUSION 


We  liave  demonstrated  simultaneous  waveguiding  at  1 .3  pm, 
either  coupled  or  uncoupled,  in  two  Si  layers  of  a  new  SiC>2-Si 
SiOy-Si-SiOj-Si  structure.  Coupled  mode  theory  has  been 
worked  out  for  this  structure.  The  3-D  vertically  integrated 
stmcture  is  believed  to  Irave  applications  in  two-level  optical 
networks,  interlevel  optical  switches,  and  optoelectronic  in¬ 
tegration  including  optical  intercotinects. 


5.  DISCUSSION 

The  experimental  coupling  results  are  in  good  agreement 
with  the  tlieoretical  model.  Tims,  the  designer  of  the  double  SOI 
stmcture  has  the  option  of  making  the  optical  levels  coupled  or 
independent.  Note  that  our  samples  have  the  same  layer  se 
iiuence  as  the  six  layer  ARROW  C  of  [2],  although  the  Si 
ARROW  C  would  lx*  constmcted  with  much  thinner  fi,  ti  and 
with  d]  ^  2//:. 

A  recent  patent  [8]  shows  explicitly  the  matmfactunng  sle(ts 
reijiiired  to  tninslonn  the  planar  Si  guiiles  of  Fig  1  into  tietworks 
of  Si  channel  waveguides:  otie  network  iti  level  I  atid  the  other 
in  level  2,  with  the  guides  in  1  being  optically  isolated  from 
those  in  2  Another  tratisfonnation  o'"  the  Fig  1  stmcture  is 
descnU’d  in  a  second  patent  [9]  that  intnxliices  the  idea  of  a  lo¬ 
calized  optical  coupling  between  levels.  Beginning  with  /|  - 
5(XX)  A  over  me>st  of  the  device  area,  a  small  region  of  the  oxide 
Is  ihinned  to  f  I  ■  KXX)  A  to  give  kKal  cou|)litig  of  cores.  In  that 
ihinnet!  region,  two  Si  chatinels  in  adjacent  levels  mn  parallel  to 
each  other  and  couple  over  1  mm.  This  vertical  coupler  can  lx* 
used  for  passive  interlevel  p^nver  division  or  for  active  2X2  in¬ 
terlev  el  optical  switching.  The  2X2  switch  (Fig.  8  of  [9))  is  a 
,3(1  device  iti  which  the  group  vekx  ity  of  one  Si  core  is  changed 
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Abstract  -  This  paper  presents  a  theoretical  design  study  of  active  optical 
s'vitches  constructed  from  III-V  semiconductor  mulliple-quantum-well 
waveguides.  New  designs  are  given  for  4X4  matrix  switches,  1X4  tree 
switches,  and  4-delay  optical  transversal  filters.  Vie  designs  feature  ~  OdB 
insertion  loss  and  ~  30  dB  crosstalk  isolation  Low  injection  currents  are  pre¬ 
dicted  because  pumping  is  eliminated  on  -  70  percent  of  the  channel  wavegu¬ 
ide  area  by  an  induced-disorder  treatment  that  blue-shifis  the  material ‘s  ab¬ 
sorption  edge.  The  active  networks  also  feature  etched  facet  reflectors  that  fa¬ 
cilitate  the  dense  packing  of  guides. 


1.  INTRODUCTION 

The  use  of  erbium-doped  fiber-optical  amplifiers  in  fiber¬ 
optic  communication  networks  is  an  important  and  growing 
trend.  A  related  trend  is  tlie  coupling  of  glass  fibers  with  dis¬ 
crete  semiconductor  optical  amplifiers  [1-3],  although  an  all¬ 
fiber  gain  network  includes  a  more  natural  marriage  of  compo¬ 
nents.  When  integrating  gain  elements  and  optical  circuit  func¬ 
tions  on  a  semiconductor  chips,  the  best  approach  is  to  integrate 
semiconductor  amplifiers  with  semiconductor  channel 
waveguides.  All-semiconductor  networks  like  these  are  dis¬ 
cussed  in  this  paper. 

We  shall  present  new  designs  for  4  X  4  and  1  X  4  optical 
switches  that  use  traveling-wave  optical  amplifiers  to  compens¬ 
ate  for  any  optical  losses  incurred  in  the  network,  thereby  re¬ 
storing  the  optical  signal  levels  to  their  input  values.  All  of  the 
designs  are  scaleable  to  higher  order,  which  suggests  that  active 
semiconductor  networks  are  capable  of  large-scale  optical  inte¬ 
gration  on  a  small  chip.  Switching  networks  32  X  32  in  size,  or 
larger,  should  be  feasible.  The  packing  density  and  the  scale  of 
integration  are  larger  than  in  Ti:LiNb03  integrated  optics,  and 
the  semiconductor  networks  feature  -  OdB  insertion  loss  with  - 
30  dB  crosstalk  isolation. 

Electric  current  consumption  and  electrical  power  dissipation 
can  be  uncomfortably  large  in  some  semiconductor  active  net¬ 
works.  We  propose  to  minimize  current  and  power  by  using 
quantum- well  gain  media,  and  by  interconnecting  gain  regions 
with  unpumped  blue-shifted  waveguides.  The  manufacturing 
of  such  interconnects  can  be  done  with  a  simple  process  in 
which  a  uniformly  microlayered  wafer  is  treated  in  selected 
areas  to  induce  disorder  in  the  wells.  Tliis  treatment  shifts  the 
unbiased  absorption  edge  of  the  wells  to  shorter  wavelengtlis. 


2.  ABRIEFfflSTORY 

Active  optical  switching  in  monolithic  semiconductor  stmc- 
tures  was  discussed  in  previous  papers  by  Ikeda  [4-6]  and  Thy- 
len  et  al.  [7-9].  Soref  and  Lau  elaborated  on  those  ideas  in  their 
1988  proposal  [10]  for  2  X  2  and  N  X  N  optical  switches  in  III- 
V  multiple  quantum-well  (MQW)  material.  White  et  al.  [11] 
built  and  tested  an  active  2X2  switch  in  bulk  InGaAsP/InP  op¬ 
erating  at  the  1 .5  pm  wavelength.  These  authors  introduced  the 
use  of  etched  facet  reflectors  on  the  rib  waveguide  stmctures, 
that  produced  a  very  compact  device.  The  layout  of  their 
switch  is  similar  to  that  given  in  Soref  and  Lau  (compare  Fig.  1 
of  Ref.  1 1  with  Figs.  5  and  6  of  Ref.  10).  A  problem  in  White’s 
switch  is  the  dc  pumping  (injection  current)  required  on  -  70 
percent  of  the  waveguide  area  in  order  to  attain  transparency  for 
the  guided  lead-ins  and  lead-outs  to  the  switch.  This  [problem  is 
overcome  in  the  designs  discussed  here. 

Lindgren  et  al.  [12]  constructed  an  InP-based  Y-branched  1  X 
2  switch  containing  active  waveguides  whose  core  was  an  0.6 
pm  layer  of  bulk  InGaAsP  {  Eg  =  0.96  eV).  The  core  was  bun¬ 
dled  with  an  0.3  pm  passive  cladding  of  wide-gap  InGaAsP  {Eg 
=  1.08  eV).  Outside  the  active  zones,  the  1.08  cFlayer  was  ex¬ 
panded  to  become  core  material.The  problem  with  Lindgren ’s 
switch  is  the  complicated  manufacturing  process  needed  to 
bind  active  and  passive  materials  together.  The  solution  is  the 
simple  process  proposed  here. 

3.  QUANTUM  WELLS 

We  pointed  out  in  Ref.  10  that  MQW  waveguides  give  more 
optical  gain  per  unit  of  injection  current  than  bulk  heterostruc¬ 
ture  guides.  In  addition,  when  active  switching  stages  are  cas¬ 
caded,  the  spontaneous  emission  noise  builds  up  at  a  slower  rate 
in  MQW  gain  stages  than  in  active  bulk  stages  Consequently, 
more  switching  stages  can  be  cascaded  in  the  MQW  case  before 
the  final  amplifier  stages  become  saturated  by  optical  noise[  10], 
For  these  reasons,  MQW  construction  is  preferred  for  the  net¬ 
works. 

Semiconductor  laser  media  are  highly  attenuating  at  the  laser 
wavelength  when  the  pumping  current  is  turned  off.  To  modify 
the  residual  absorption,  Tang  et  al,  [13]  perfonned  experiments 
on  a  single-quantum-well  AIGaAs/GaAs  laser  waveguide. 
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niey  used  a  combination  of  impurity-induced  layer  disordering 
and  vacancy-induced  disordering  of  the  native  quantum  wells. 
They  found  that  the  absorption  edge  of  the  waveguide  could  be 
shifted  from  8{X)  nm  to  860  run  while  preserving  very  high 
transmission  in  the  guide  for  X  >  860  run.  Their  work  proves 
that  a  simple  manufacturing  process  is  available  for  inducing 
transparency  at  zero  bias  in  III-V  MQW  gain  guides  at  the  cen¬ 
tral  gain  wavelength. 

4.  DESIGN  RULES 

Here  is  a  list  of  thirteen  design  rules  that  were  used  in  this 
paper: 

( 1 )  The  cross-section  of  the  charuiel  waveguides  closely  re¬ 
sembles  that  of  a  p-i-n  III-V  index-guided  MQW  laser  diode. 

(2)  The  same  microlayering  is  used  throughout  the  wafer. 

(3)  The  electroded  regions  on  these  gain  guides  are  50  to 
100  pm  long  in  densely  packed  switches. 

(4)  The  integrated  network  is  monolithic  and  planar. 

(5)  The  switches  do  not  use  inode  interference  or  mode 
evaluation. 

(6)  The  waveguides  are  multimode. 

(7)  Optical  beam  splitting  and  optical  beam  combining  are 
obtained  with  Y  branched  guides  or  with  pairs  of  etched  facet 
mirrors  [14]  that  give  total  internal  reflection  of  light. 

(8)  Optical  amplitude  is  routed  by  absorption-induced 
blocking  of  undesired  optical  patlis  and  gain-induced  selection 
of  desired  patlis. 

(9)  Waveguide  bends  of  90°  are  used  wherever  possible,  as 
provided  by  45°  facet  mirrors. 

(10)  All  of  the  lead-in  waveguides  and  all  of  the  waveguide 
lengtlis  connecting  active  regions  are  treated  with  impurity-in¬ 


duced  disorder,  or  with  vacancy  induced  disorder,  making  those 
sections  highly  transmissive  at  zero  bias  at  the  gain  wavelength. 

(11)  The  width  of  a  channel  guide  can  be  varied  within  the 
switch  without  affecting  the  switch’s  operation. 

( 1 2)  The  guides  are  continuous  between  active  and  passive 
regions. 

(13)  Antireflection  coatings  are  applied  to  the  input  and 
output  ends  of  the  chip. 

Now,  we  shall  apply  these  rules  and  give  eight  examples  of  4 
X  4  and  1  X  4  electro-optical  guided-wave  switches  in  Figs.  1-8. 
All  of  these  are  space  division  switches.  In  all  figures,  we  see  a 
top  view  of  the  channel-waveguide  network.  The  shaded  areas 
represent  active  p-i-n  electroded  areas,  and  all  shaded  areas 
have  the  same  construction.  Either  forward-bias  or  zero-bias 
can  be  applied  to  any  electroded  area.  To  avoid  cluttering  the  di¬ 
agram,  we  did  not  show  the  electrical  connections  to  the  active 
zones.  There  are  three  possibilities  for  electrical  leads:  (Da 
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Fig  2  Tivc-slnictiin-<l  4X4  iiialrix  swilcli  willi  ci-nlr;il  syiiiiiK'lry. 


metalization  extends  from  each  active  area  to  an  individual 
wire-bond  pad  at  the  periphery  of  the  chip;  (2)  a  drive  transistor 
is  integrated  opto-electronically  on  the  chip  next  to  each  active 
optical  zone;  (3)  an  array  of  drive  transistors  on  a  separate  chip 
is  biunp-solder-bounded  to  the  optical  chip.  The  drawings  also 
do  not  show  opto-electronic  tap-off  components  and  sensor 
components  that  could  be  integrated  on  the  chip  for  self-routing 
[6]  of  optical  signals. 
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3.  4X4  pcninitalion-iiialrix  switch  using  2X2  cnosspoiiits  wilii  90"  waveguide  cnwsovcis. 
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[•ig  5.  4X4  shiifflc-exchaiigc  iiiiitrix  switch  wiiJi  I  X  2,  2  X  2,  and  2  X  1 
conslihicnl  switclies. 


Fig.  6.  4X4  Sawaki-arcliilecture  matrix  switch  witJi  1  X  2.  2  X  2.  and  2  X  1 
components. 


5.  PROPOSED  NETWORKS 

To  begin,  let  us  look  at  the  operation  of  the  simplest  device, 
the  1  X  4  binary  tree  switch  as  shown  in  Fig.  1 .  We  have  labeled 
the  transparent  channel  waveguides  (that  require  no  current) 
and  the  active  lengths  of  waveguide  (that  are  switched  between 
a  ~  6  dB  amplifying  condition  and  a  -  30  dB  attenuating  condi¬ 
tion,  the  latter  requiring  no  current).  Each  of  the  right-angle 
waveguide  bends  is  given  a  45°  internal-reflection  facet  mirror. 
Two  successive  divisions  of  the  input  optical  beam  (port  1)  give 
four-fold  splitting.  A  trio  of  2-facet  internal  reflectors  divides 
the  guided  beam.  The  four  optical  outports  (ports  2-5)  can  be  in¬ 
dividually  selected  by  the  four  independent  electroded  regions. 

Figs.  2-6  show  4X4  optical  matrix  switches,  three  of  which 
are  nonblocking  networks.  Fig.  2  is  a  centrally  symmetric  tree- 
stmetured  network.  We  start  with  four  1  X  4  switches  at  input 


ports  1-4  and  four  4  X  1  switches  at  output  ports  5-8.  Each  of 
these  building-block  switches  is  tree-structured  like  Fig.  1. 
However,  unlike  Fig.  1,  each  branch  of  the  tree  is  deployed  90° 
to  the  preceding  thicker  branch.  Having  arrayed  the  1  X  4s  and 
the  4  X  Is  around  the  perimeter  of  a  square,  we  then  intercon¬ 
nect  the  eight  trees  with  a  perfect-shuffle  exchange  network  of 
channel  waveguides,  thereby  completing  the  4  X  4  matrix. 

The  permutation-matrix  architecture  is  a  simple  architecture 
with  simple  addressing  algorithms.  This  matrix  is  constructed 
from  2X2  exchange  switches  (crosspoints).  There  are  only  N 
stages  and  ( l/2)N(N  -  1 )  crosspoints  in  an  N  X  (V,  although  the 
network  is  blocking.  For  the  4  X  4,  we  draw  upon  the  2  X  2 
switch  design  from  Refs.  10  and  11,  which  includes  a  90° 
waveguide  crossover  oriented  at  45°  to  the  input/output  chan¬ 
nels.  The  two  outer  arms  of  the  2  X  2  are  addressed  with  a  bias 
opposite  to  the  crossover  bias.  Using  transparent  interconnects. 
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l  ij;  7  I’rognuiuiiablc  optical  lniiLsvi  rs;il  niter  with  finite  impiil.se  n'S|X)nsc. 
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Fig.  8.  Progranunablc  optical  transversal  filter  with  infinite  impulse  response. 

we  cascade  these  2  X  2s  to  make  the  4X4  optical  switch  of  Fig. 
3,  a  simple  and  cost-effective  stmeture. 

Recently,  we  conceived  of  a  new  2X2  bidirectional  active 
switch,  and  we  found  that  those  bidirectional  exchange 
switches  could  be  used  to  cast  the  X  permutaton  matrix 
into  a  more  compact  form.  Figure  4  shows  the  compact  4X4 
matrix  switch.  Each  2X2  switch  is  oriented  vertically  with 
short  horizontal  input  and  output  leads.  Each  2X2  includes  a 
pair  of  four- facet  comer  reflectors  [14]  and  a  pair  of  waveguide 
end  reflectors  (rectangular  trenches).  The  middle  waveguide 
segment  in  the  2  X  2  is  equivalent  to  an  unusual  0°  waveguide 
crossover  in  which  up-traveling  and  down-traveling  light 
beams  pass  through  each  other  (without  interaction)  in  the  same 
waveguide.  The  other  two  waveguide  segments  are  folded  up- 
and-down  paths.  An  input  light  beam  in  the  2  X  2  is  split  into 
up-and-down  beams.  If  the  folded  path  is  transmissive  (forward 
bias),  the  end-mirror  returns  one  beam  to  the  same  four-facet 
mirror,  where  it  exits  the  switch.  (Half  of  the  light  is  deflected 
back  to  the  input  where  it  is  absorbed  by  an  optical  isolator).  If 
the  fold  is  opaque  (zero  bias),  the  beam  launched  into  the  trans¬ 
missive  0°  crossover  (forward  bias)  is  sent  to  the  adjacent  4- 
facet  mirror  where  the  beam  goes  out  the  adjacent  port.  So,  the 
light  is  exchanged  at  the  2  X  2’s  output  ports  if  the  folded  guides 
are  opaque  and  the  crossover  is  transparent.  Alternatively,  light 
is  not  exchanged  if  the  folds  are  clear  and  the  crossover  is 
opaque.  As  in  prior-art  2X2  active  crosspoints,  the  3  dB  split¬ 
ting  and  combining  losses  in  the  bidirectional  2  X  2  are  com¬ 
pensated  by  the  active  areas  whose  gain  is  approximately  6  dB. 

Now,  we  turn  to  other  architectures  for  a  4  X  4  matrix:  the 
shuffle-exchange  [15]  and  Sawaki  [16]  architectures.  These 
networks  use  an  interconnection  of  1  X  2, 2  X  2,  and  2  X  1  func¬ 
tional  building  blocks.  The  latter  architecture  was  proposed  by 
Sawaki  et  al.  [16]  as  a  rectangular  rearrangement  of  an  N  X  N 
crossbar.  Figure  5  shows  our  version  of  an  active  4X4  shuffle- 
exchange  switch.  The  1  X  2  switches  are  stacked  in  an  input 


column,  the  2  X  2s  (of  the  90°  crossover  type)  are  stacked  in  a 
central  column,  and  the  2  X  Is  are  stacked  in  an  output  colutnn. 
A  series  of  facet  mirrors  direct  the  guided  light  within  the  inter¬ 
connect  pattern.  Some  of  the  waveguide  crossovers  are  at  -  60° 
while  others  are  at  90°.  The  facet  pairs  in  the  2  X  1  switches  are 
oriented  at  ~  ±30°.  This  matrix  is  a  fairly  simple  compact  struc¬ 
ture  with  1 2  constituent  switches. 

Figure  6  shows  our  proposal  for  an  active  4X4  switch  based 
on  Sawaki's  architecture.  There  are  16  constituent  switches: 
one  column  of  1  X  2s,  two  columns  of  2  X  2s  (of  the  90°  cross¬ 
over  type),  and  one  column  of  2  X  Is.  This  network  has  a  regu¬ 
lar  structure  with  90°  crossovers. 

Our  last  two  designs  deal  with  programmable  optical  trans¬ 
versal  filters.  In  the  filters,  light  is  routed  among  parallel  spatial 
paths,  but  the  primary  function  of  these  devices  is  optical  signal 
processing  rather  than  matrix  switching.  Goodman  and  Dias 
[17]  have  proposed  filters  with  finite  itnpulse  response  (FIR)  or 
with  infinite  impulse  resjxinse  (FR).  Those  authors  are  pres¬ 
ently  constructing  filters  in  single-mode  glass  fibers,  but,  we 
show  how  FIR  and  UR  filters  could  be  implemented  in  a  mono¬ 
lithic  integrated-optic  chip  using  UI-V  semiconductors.  In  Figs. 
7  and  8,  the  Goodman-Dias  architecture  serves  as  a  guideline 
for  the  layout  of  agile  active  filter  networks.  Figures  7  and  8 
have  four  active  parallel  optical  paths  of  different  lengtlis  (time 
delays  of  T,  2T,  2>T,  47),  and  the  variable-gain  region  within 
each  path  offers  adjustable  tap  weighting  for  the  filter  as  well  as 
optical  amplification. 

Figures  7  and  8  show  the  FIT  and  HR  filters,  respectively. 
The  filter’s  input  channel  is  narrowed  or  expanded  by  a  stair¬ 
case  of  facets  that  extract  or  insert  a  series  of  optical  signals.  In 
Fig.  8,  a  set  of  N  -  1  feed-backward  channels  with  gain  act  as 
optical  feedback  patlrs  for  the  first  stage  of  delays.  The  second 
stage  of  delays  recirculates  the  forward-traveling  light  pulses. 
As  pulses  circulate  repeatedly  in  the  filter,  the  various  amplifi 
ers  maintain  constant  amplitude  within  the  optical  pulse  train. 
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6.  CONCLUSION 

Monolithic  active  networks  of  III-V  quantum-well  channel 
waveguides  offer  some  unique  opportunities  for  building 
N  XN  space-division  switches  with  zero  insertion  loss,  excel¬ 
lent  crosstalk  isolation,  large-scale  integration,  and  reasonable 
injection  currents  for  controlling  the  network. 
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ABSTRACT  -  New  designs  are  presented  for  4  X4,  1  X  4,  and  IX  16  electro- 
optical  switches  that  utilize  chiral  nematics. 


A  recent  publication  by  Shankar  et  al.  *  reported  a  new  2X2 
fiber  optic  switch  using  selective  reflection  from  a  layer  of  chi¬ 
ral  nematic  liquid  crystal  (CLC)  and  voltage-variable  retarda¬ 
tion  from  homogeneous  layers  of  nematic  liquid  crystal  (NLC). 
The  purpose  of  this  Technical  Note  is  to  show  how  Shankar's 
structure  can  be  extended  to  higher-order  switching  functions. 
New  designs  for  4  X  4, 1  X  4,  and  1  X  16  electro-optical  (EO) 
switches  are  presented. 

The  principle  of  cascading  and  interconnecting  2X2  ele¬ 
ments  in  a  rectangular  array  is  illustrated  in  Fig.  1 ,  which  shows 
a  proposed  4X4  permutation  switch.  Here  all  the  optical  paths 
lie  on  one  plane.  The  input  and  output  beams  are  unpolarized. 
A  disadvantage  of  Fig.  1  is  that  3(N  -  1 )  liquid  crystal  layers  are 
required.  (An  alternative  switch  that  uses  fewer  layers  is  dis¬ 
cussed.)  Each  passive  CLC  layer  selectively  reflects  right  circu¬ 
lar  polarized  (RCP)  light  and  transmits  left  circular  polarized 
(LCP)  light,  a  beam  splitting  operation  discussed  in  Ref.  1 . 
Each  NLC  layer  is  sandwiched  between  glass  plates  that  are 
coated  with  transparent  electrode  material  such  as  indium-tin 
oxide  (ITO).  Photolithographic  etching  of  the  ITO  is  used  to 
bracket  each  NLC  layer  in  Fig.  1  with  several  pairs  of  localized 
electrodes. 


Rg.  1 .  Layout  of  EO  4X4  permutation  matrix  switch.  This  cross-scctional 
side  view  shows  liquid  crystal  layers,  electrodes,  mirrors,  and 
collimated  light  paths. 
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Rg.  2.  Schematic  diagram  of  a  1  X  16  EO  switch  and  its  constituent  1  X  4 
switches.  The  lower  drawings  show  cross-sectional  side  views  of  wide 
spaced  and  compact  1  X  4  switches.  The  LC  layers,  electrodes, 
miriDis,  and  light  paths  are  illustrated. 

Within  a  2  X  2  cell  in  Fig.  1,  the  s^lme  voltage  is  applied  to 
electrode  pairs  in  both  NLC  layers.  However,  the  six  2  X  2  cells 
in  the  Fig.  1  matrix  are  addressed  by  six  independent  voltage 
sources  (not  shown  in  Fig.  1  to  keep  the  diagram  simple).  Each 
2X2  cell  has  two  switching  states.  To  select  either  state,  a  volt¬ 
age  of  either  Va  =>  2V  ims  or  Vi,  ~  6V  rms  is  applied  to  the 
NLCs.  At  F*=  Va,  the  NLC  has  parallel  alignment,  which  pro¬ 
duces  a  quarterwave  delay  in  the  light  transmitted  through  the 
NLC.  At  K  -  Vb,  the  NLC  becomes  homeotropic  (perpendicu¬ 
lar),  which  changes  the  delay  to  zero  delay.  On  reflection  from 
the  180®  mirror  and  passage  through  two  zero  delay  NLCS,  an 
RCP  beam  is  converted  to  LCP  and  vice  versa.  Alternatively,  a 
double  pass  through  a  quarterwave  NLC  layer  plus  the  1 80° 
mirror  retardation  leaves  the  RCP  and  LCP  utKhanged.  Hence 
the  NLC  addressing  allows  RCP  and  LCP  beams  to  be  recom¬ 
bined  at  their  second  CLC  encounter  as  either  a  forward-travel 
ing  or  reverse-traveling  unpolarized  beam. 
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I  'lg  3  I^ycMil  of  a  4  X  4  matrix  swiicli  fiastxl  on  i1k-  1  X  4  switclrji  of  I  'ig  2 


We  note  in  Fi^.  1  that  the  input  and  output  beafn  as  well  as  the 
interstage  beams  pass  through  parallel  aligned  (V  =  0)  regiotis 
of  nematic  liquid.  This  is  acceptable  because  the  unpolarized 
light  beams  are  not  affected  by  the  homogeneous  liquid  In  ad¬ 
dition  to  the  Fig.  1  architecture,  it  is  possible  to  construct  a  chi¬ 
ral  4  X  4  crossbar  matrix  switch.  However,  the  CLC  crossbar 
does  not  appear  to  be  practical  because  it  requires  twenty-one 
liquid  layers  for  the  4  X  4  switch  and  3(2/V  -  1)  layers  for  an  N 
X  N  device. 

Our  proposed  1  X  4  switch  is  shown  in  Fig. 2  (lower  dia- 
gratfis).  Here  only  three  LC  layers  are  needed  because  the  ar¬ 
chitecture  is  a  folded  unbalanced  tree.  Again  we  split  and  re¬ 
combine  collimated  RCP  and  LCP  components  using  the 
Cl^Cs,  mirrors,  and  tunable  NLCs.  There  are  four  independent 
voltage  sources  Vi  .  Vt,  which  drive  four  sets  of  transparent  lo¬ 
calized  electrodes  spaced  at  regular  intervals  on  the  NLCs. 


Each  1  X  2  switching  cell  in  Fig.  2  is  actuated  by  a  two- level 
supply,  VaOT  Kb  for  each  of  the  four  sources  Ki...Kj.  This  gives 
a  localized  delay  of  A/4  or  zero  at  each  NLC  pair,  which  enables 
the  combined  RCP  and  LCP  beams  to  travel  to  the  next  1  X  2 
element  or  exit  the  1  X  4  switch  at  that  point.  The  upper  dia¬ 
gram  in  Fig.  2  shows  a  1  Xl6  switch  comprised  of  a  widely- 
spaced  1  X  4  switch  that  feeds  a  quartet  of  compact  1  X  4 
switches.  The  four  1  X  4s  are  integrated  end  to  end  in  the  same 
three  LC  layers. 

Finally,  in  Fig.  3,  we  show  a  nonblocking  4X4  matrix  switch 
that  relies  on  replicated  versions  of  the  1  X  4  switches  in  Fig.  2. 
The  matrix  uses  a  3-D  architecture  similar  to  the  3-D  perfect 
shuffle  swatch  in  Ref.  2.  The  4X4  switch  consists  of  a  4  X  16 
switch  in  optical  cascade  with  a  16  X  4  switch.  The  16X4  is 
spatially  rotated  90°  with  respect  to  the  4  X  16,  so  that  rows  of 
the  4  X  16’s  output  array  are  mapped  onto  columns  of  the  16  X 
4's  input  array.  Both  the  4  X  16  and  the  16  X  4  are  constructed 
monolithically  in  three  LC  layers  using  a  plane-parallel  array  of 
four  1  X  4s.  Thus  there  are  only  six  LC  layers  in  this  N  X  N  ma¬ 
trix  switch. 

The  collimated  light  beam  devices  of  Figs.  1-3  can  be  con¬ 
verted  easily  to  fiber  optic  switches  by  inserting  a  quarter-pitch 
grinrod  lens  at  each  input  port  and  at  each  output  port  in  Figs. 
1-3.  Each  grinrod  would  be  pigtailed  to  a  fiber. 
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Abstract  -  Waveguiding  at  1.3  pm  has  been  observed  in  a  submicrometer 
strained  layer  of  Si\  .jOCxsaruhviched  between  a  Si  capping  layer  and  a  Si  sub¬ 
strate.  This  structure  is  a  precursor  of  the  waveguided  Si/Sii  »C!eySi 
heterojunction  bipolar  transistor.  The  buried  alloy  layer,  grown  by  chemical 
vapor  deposition,  had  a  Ge  cotuent  of  either  8%  or  18%.  The  SiGe  layer  was 
-  1500 A  thick  beneath  a  2-pm  Si  cap.  The  observed  TEo  mode  profile  agreed 
with  theory. 


The  ultrafast  Si/Sii-xGeVSi  heterojunction  bipolar  transistor 
(HBT)  now  being  developed  for  large-scale  integration*  has  an 
optical  counterpart;  the  waveguided  HBT  proposed  and 
analyzed  by  Lareau,  Friedman,  and  Soref.  This  elongated 
transistor  offers  high-speed  optical  phase  and  amplitude 
modulation  by  carrier  injection  or  depletion  in  the  Sii-jtGe^ 
base  layer.  (A  waveguided  KBT  has  already  been 
demonstrated  in  III-V  semiconductors.  )  It  is  shown  in  this 
communication  that  the  infrared  guidedmode  power  will  peak 
in  the  Sii-jtGe^  base  region  of  the  Si/Sii-^GeVSi  HBT,  even 
though  that  region  is  only  1200-1500  A  thick.  We  present 
theoretical  and  experimental  results  on  the  l.3pm 
waveguide  profile  in  Si/Sii-jtGeVSi  grown  by  high-tempera¬ 
ture  chemical  vapor  deposition  (CVD).  To  our  knowledge, 
this  is  the  first  demonstration  of  waveguiding  in  a  buried,  sub¬ 
micrometer  layer  of  Sii./je.t  in  Si. 

Figure  1  illustrates  the  waveguide  samples.  ^taxialSVSii.j(GeVSi 
thin-layer  structures  were  grown  by  CVD  on  Si(  100)  substrates 
using  an  Applied  Materials  1200  vertical  epitaxy  reactor. 
Silane  (SLHa)  and  germanium  tetrachloride  (GeCU)  were  used 
as  the  Si  and  Ge  sources,  respectively.  SiGe  layers  were  grown 
with  concentrations  from  0-20  at.  %  and  with  layer  thicknesses 
from  1000  to  1500  A.  The  growth  temperature  typically  ranged 
from  800  to  1000°C  and  the  growth  rate  varied  from  0.5  to  1 .0 
pm/min,  both  depending  upon  Ge  ccmcentration.  The  growth 
rate  for  the  2-pm  Si  capping  layer  was  about  1  pm/tnin. 
Waveguiding  was  attempted  and  observed  in  two  groups  of 
samples:  one  batch  with  X  =  0.08,  and  the  other  with  x  =  0.18. 

Si/SiGe/Si  samples  were  studied  using  RBS/  channeling, 
transmission  electron  microscopy  (TEM),  Raman  spectros¬ 
copy,  and  high-resolution  x-ray  diffractometry.  Also,  cross- 
sectional  electron-diffraction  measurements  at  the  SiGe/Si  in¬ 
terfaces  were  performed  to  determine  changes  in  the  d  spacing 
of  the  SiGe  layer  with  respect  to  the  Si. 

The  defect  density  in  a  sample  with  8%  Ge  was  less  than 
10  cm  ‘  ,  as  determined  by  plan  view  TEM  of  a  100  X  100- 


pm^  area.'*’^  High-resolution  electron  and  x-ray  diffraction  as 
well  as  Raman  spectroscopy*^  clearly  indicate  that  the 
Sio.92Geo.O8  layer  is  nearly  100%  strained.  Raman  and 
electron-diffraction  results  for  a  sample  with  18%  Ge  show  that 
the  Sio.82Geo.i8  layer  is  80%  strained  and  20%  relaxed.  Small 
area  plan  view  TEM  of  the  18%  sample  shows  no  defects;  a 
large  area  has  yet  to  be  evaluated.  We  believe  that  the  SiGe 
layers  in  both  typies  of  samples  are  commensurately  strained  be¬ 
cause  identical  strained  layers  have  been  used  to  confine  the 
threading  dislocations  in  SIMOX  material.^ 

In  theory,  the  Sii-^Gcx  layer  will  be  coherently  strained  if  its 
thickness  t  is  less  than  a  critical  value  tc  given  by  the  empirical 
relation  tc  =  fox  ^  where  to  =  8.2  A  and  x  is  the  Ge  fraction.** 
Tlius,  our  samples  x  =  0.08,  f=  1200  Aandx  =  0.18,/=  1500A 
are  below  the  critical  thickness  and  should  be  strained.  The  ex- 
pieriments  agreed  with  this  theory. 

The  optical  index  of  refraction  of  coherently  strait^  and  bulk 
unstrained  Sii-^Ge^  alloy  material  is  plotted  in  Fig.  2  versus  the 
mole  fraction  of  Ge.  We  estimated  the  index  values  from  the  band- 
gap  interpolation  fonnula  presented  in  Ref.  2  using  strained-layer 
band-gap  values  for  the  top  curve  and  bulk  unstraiiKd  gaps  for  the 
lower  curve.  The  SiGe  index  can  be  written  as  nfSii-iGe^)  =  «(Si) 
+  Afi(x),  and  for  x  <  0.25,  the  linear  aprpioximation  Aft(x)  -  ox  is 
useful.  An  oscillator  model  for  n  (SiGe)  was  introduced  by  Soref 
and  Perry  who  found  that  Afj(x)  =  0.33x.  This  index  increase 
is  smaller  than  the  A/i  (n)  “  0.8x  result  given  by  the  Fig.  2  band- 
gap  model  for  relaxed  material.  A  red-shift  model  for  n(SiGe) 
presented  in  Ref  9  gave  an  even  smaller  index  enhaiKement, 
A  n(x)“  0.09x,  for  unstrained  alloys.  1\iming  to  strained  layers,  the 
Fig.  2  index  difference  between  a  strained  alloy  core  and  the  Si 
claddings  (A  n  =  1 .45x)  ranges  from  0.015  at  x  -  0.01  to  0.36  at  x  = 
0.25;  hence,  the  waveguide  designer  has  a  choice  of  strongly  or 
weakly  confining  guides.  An  example  of  the  latter  is  the 
Si/Sio.99Geo.oi/Si  waveguide  which  would  be  suitable  for  a  mode 
extinction  modulator  because  An  -  0.01 . 

The  planar  Si/Sii-xGcj/Si  guide  is  symmetric  and  the  /«  =  0 
mode  (TEo  or  TMo)  is  not  cut  off,  even  though  the  SiGe  core  layer 
thickness  is  only  -  10%  of  the  6ee-sp>ace  op;dcal  wavelength.  Clas¬ 
sical  theory,  and  the  itxlices  of  Fig.  2,  indicate  that  the  guide  is 
single  moded  at  f=  1 500  A  since  the  m  -  1,2,3,...,  modes  are  cut  off 
for  f  <  0.46  pm  in  Sio.82Geo.i8  and  for  f  <  0.7  pm  in  Sio.92Geo.O8. 
The  multilayer  waveguide  theory  of  Soref  and  Ritter,*** 
together  with  Fig.  2,  was  used  to  calculate  the  TEo 
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Rg.  1.  Pctpectivc  view  of  Si/Sii-»Ge,/Si  hctcrostnicture  waveguide. 
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and  TMo  intensity  profiles  in  the  four-layer  air/Si/SiGe/Si 
guide.  The  result  for  TEo  at  A.  =  1.3  pm  is  shown  in  Fig.  3  for 
the  examples  of  jr  =  0.08  and  0. 1 8. 

Our  samples  were  8-15  mm  long.  For  end-fire  coupling,  the 
sample  ends  were  polished  with  diamond  paste.  Polarized  light 
fiom  a  1 .3-pm  semiconductor  laser  was  focused  into  one  end  of 
the  sample,  and  the  light  emerging  from  the  waveguide  was  im¬ 
aged  cmto  an  infrared  vidicon.  A  video  line  analyzer  was  used  to 
determine  the  optical  power  distribution  across  the  waveguide. 

For  the  8%  Ge  samples,  the  numerical  aperture  (NA)  of  the 
guide  was  not  laige  enough  to  capture  all  of  the  incoming  light 
focused  by  the  0.66  NA40X  lens,  and  sc»ne  light  traveled  un¬ 
guided  in  the  substrate.  At  the  output,  the  depolarized  substrate 
light  complicated  the  loss  measurement.  We  did  not  measure 
the  propagation  loss  in  these  samples.  However,  because  our 
samples  were  not  intentionally  doped,  we  anticipate  that  the 
losses  will  be  similar  to  the  2-3  dB/cm  losses  measured  for  non- 
buried  SiG^Si  in  Ref.  9. 

As  shown  in  Fig.  4,  the  experimental  TEo  mode  widths 
(FWHM)  of  0.7  and  0.35  pm  for  the  8%  and  18%  samples  are 
in  fairly  good  agreement  with  the  theoretical  curve  obtained 
from  both  the  band-gap  model  of  Fig.  2  and  the  multilayer  the- 


Rg.  2,  Optical  index  of  refraction  of  Sii  xGc,  at  1  ..T  pm  as  a  function  of  Ge 
conicnt. 
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Fig.  3.  Calculated  mode-intensity  profile  of  a  Si/Sii  xGcVSi  planar  guide 
with  a  0.15-pm  buried  Sii  gGcx  alloy  layer  and  a  2-pLm  Si  cap  layer 


ory  of  Ref.  10.  There  is  httle  difference  between  the  widths  of 
TEo  and  TMo.  We  see  from  Figs.  3  and  4  that  more  than  50% 
of  the  guided  optical  energy  is  located  in  the  upp>er  and  lower  Si 
claddings.  Thus,  in  an  HBT,  the  free-catrier  absorption  loss  of 
the  dojjed  emitter  and  doped  collector  regions  will  play  a  role  in 
determining  the  waveguide  propagation  loss.  In  Ref.  2,  it  is  es¬ 
timated  that  the  TEo  loss  reaches  nearly  20  dB/cm  in  a  fully 
doped  npn  device  at  1.55  pm.  An  actual  HBT  would  have  a  Si 
cap  layer  much  thinner  than  the  2-  pm  cap  used  here  (2  pm  was 


Fig.  4.  Theory  (— )  and  experiment  (  O  )  for  the  mode-intensity  width  as  a 
function  of  x  in  the  Si/Sii  xG^Si  waveguide  of  Fig.  3.  The 
experimental  points  arc  for  TEo  at  1 .3  pm.  The  photo  insert  shows  the 
observed  nxxlc  profile  for  the  1 8%  Ge  sample 
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chosen  to  facilitate  our  waveguide  measurements),  but  the 
guided  mode  would  still  fill  the  transistor  in  the  manner  of  Fig.  3. 

In  summary,  we  have  developed  CVD  growth  techniques  to 
produce  high-quality  Si/Si  i-xGeVSi  heterostructures  that  are 
precursors  of  the  waveguided  HBT.  We  observed  the  first 
waveguiding  in  submicrometer  Sii-;tGe;t  buried  in  Si  and  the 
0.35-0.70-  pm  mode  widths  agreed  with  theorectical  predic¬ 
tions. 

The  authors  are  grateful  to  M.C.  Blythe  and  A.O.  DeSilvestre 
of  Spire  Corporation  for  their  help  in  growing  the  materials. 
Work  at  Spire  was  supported  in  part  by  an  SBIR  phase-I  grant 
from  the  National  Science  Foundation. 
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Abstract  -  A  photorefractive  time  correlation  motion  detector  is  demonstrated. 
This  device  overcomes  the  material  re.sponse  time  limitation  associated  with 
other  photorefractive  motion  detectors.  Two  techniques  have  been  proposed  to 
increase  and  tune  the  bandwidth  of  the  motion  detection  device. 


1.  INTRODUCTION 

Motion  detection  has  been  achieved,  in  the  last  few  years,  by 
using  photorefractive  novelty  filters.  Some  of  these  novelty  fil¬ 
ters  need  phase  images  as  an  input  and  others  can  work,  with 
amplitude  and  phase  images  [  1  -3  ].  One  significant  shortcom¬ 
ing  in  all  of  these  novelty  filters  is  that  none  of  them  can 
respond  to  sustained  fast  motions  which  exceed  the  limitation 
imposed  by  the  response  time  of  the  material.  In  this  paper  we 
present  a  time  correlation  motion  detector  which  can  detect 
moving  phase  objects  without  any  limitations  placed  on  it  by 
the  response  of  the  material. 

The  time  correlation  motion  detector  operates  through  nearly 
degenerate  four-wave  mixing  where  a  reference  beam  and  a 
signal  beam  interact  within  a  photorefractive  medium  to 
generate  a  hologram.  The  hologram  is  read  by  a  beam  that  is  (i) 
incoherent  with  respect  to  the  two  writing  beams,  and  (ii) 
counterpropagating  with  respect  to  the  reference  beam.  The 
diffracted  readout  beam  travels  in  the  phase  conjugate  direction 
of  the  signal  beam.  In  thus  scheme,  a  fast  phase  modulation  is 
placed  on  thie  reference  beam  so  the  hologram  is  destroyed  and 
no  phase  conjugate  beam  is  generated.  However,  by  introduc¬ 
ing  moving  phase  objects  in  the  signal  beam  the  phase  con¬ 
jugate  reappears. 

The  theory  of  this  method,  developed  from  time  varying 
photorefractive  theory  for  a  general  signal,  shows  that  the 
operation  results  from  the  cross  correlation  in  time  between  the 
two  input  signals.  The  sensitivity  of  this  device  to  object 
velocities  is  a  function  of  a  system  dependent  resonant  frequen¬ 
cy  response  which  can  be  tuned  through  the  use  of  an  electric 
field  applied  to  the  crystal  and  through  changing  the  phase 
modulation  frequency  in  the  reference  beam. 

We  demonstrated  this  device  using  a  square  wave  temporal 
signal  to  piezoelectrically  modulate  the  phase  in  the  reference 
beam.  In  addition  we  introduced  two  techniques  to  increase  the 
bandwidth  of  the  motion  detector. 


2.  THEORY 

Consider  three  input  beams  of  the  same  wavelength  Ai,  Az, 
and  Ai  intersecting  within  a  photorefractive  medium  as  shown 
in  Fig.  1.  A]  and  A4  are  coherent  so  they  combine  to  induce  a 
hologram  within  the  material:  while  A2  and  A3  are  coherent 
with  themselves,  but  not  with  Ai  and  A4. 

Mathematically  the  amplitudes  are 

Ai  =  £1  (r)  exp  [i(*i  r-tor)],  (1) 

A2  =  £2  (0  exp  li(k2r-  cot )],  (2) 

A4  =  £4  (0  exp  [i(fc»  r-  cot  )].  (3) 

In  the  steady  state  case  (i.e.  beam  Ai  and  A4  trot  varying  in 
time)  a  hologram  is  written,  and  a  phase  conjugate  is  generated. 
This  phase  conjugate  is  counterpropagating  with  respect  to 
beam  A4.  Treatment  of  time  varying  input  beams  necessitates 
the  solution  of  the  photoreft-active  space  charge  field  in  the 
dynamic  regime.  For  the  sake  of  simplicity  we  will  assume  that 
the  total  intensity  of  the  beams  incident  on  the  crystal  is  con¬ 
stant.  (i.e.  Any  amplitude  variation  in  the  input  beams  is  con¬ 
sidered  small  compared  to  the  summation  of  the  intensities  of 
all  the  beams.) 

The  development  of  the  space  charge  field  (F^,-)  within  the 
crystal  is  described  by  [4.5] 

dEsc  Esc  GAi(t)A4(t) 

-sr*~r'T~r~ 

where  t  is  the  response  time  for  grating  formation,  G  is  a 
parameter  related  to  the  photorefractive  characteristics  and  /o  is 
the  total  intensity.  Eq.  (4)  assumes  that  the  readout  beam  is  suf¬ 
ficiently  weak  so  that  it  does  not  affect  the  grating. 

The  general  solution  of  eq.  (4)  is 

£sc(0=  e'^'dr  .  (5) 

•'0  T 


61 


Eq.  (5)  can  be  treated  by  assuming  that  Ai(f)  and  A4(0  are  sig- 
nak  with  Fourier  transforms  such  that 

oo 

Ai(f)=f  Si(£Oi)exp(-i(oi0d(oi  ,  (6) 

eo 

i44(0  =  f  S4(0)2)  exp(-i(i)2/)  d(02  .  (7) 

Substituting  eqs.  (6)  and  (7)  into  eq.  (5)  yields 

_  ,  .  ^  5i((o  1)54(0)2) 

-i(o),-o)2)M/T 

X  exp[  -i(o)i-o)2)t  ]  do)i  da)2  (8) 

in  the  diffusion  limit  where  t  is  real  number.  With  a  dc 
electric  field  applied  to  the  crystal,  t  becomes  complex  [4]: 

1/t  =  1/ti  +  io)g  .  (9) 


the  space  charge  field  described  by  eq.  (10)  above  will  be  in¬ 
duced.  The  associated  photoreffactive  grating  reveaU  the  mo¬ 
tion  by  diffraction  of  the  read  out  beams.  The  applied  field  has 
two  additional  effects:  first  it  increases  the  diffraction  efficiency 
and  second  it  shifts  the  operating  point  by  Wg. 

In  order  to  enlarge  the  bandwidth  of  the  motion  detector,  it  is 
necessary  to  increase  the  overlap  between  the  motion  spectrum 
84(02)  and  the  grating  destroying  spectrum  of  the  reference 
beam  S)  (01).  This  may  be  achieved  in  at  least  two  ways.  For 
example  we  can  choose  Si  (01)  to  be  a  bandlimited  spectrum  of 
white  noise.  Another  method  k  to  choose  Si  (01)  to  be  a  comb 
function  of  frequencies  which  are  separated  by  intervals  equal 
to  (2n)2  /  T  (which  is  twice  the  spread  in  the  spectrum  as¬ 
sociated  with  finite  material  response).  This  choice  for  a  comb 
separation  was  made  to  prevent  beating  between  signal  com¬ 
ponents  riding  on  neighboring  comb  teeth,  i.e. 

ee 

S/(a)i)  =  Aj^  6(o)|+4nn/T)  .  (11) 

n  =  -  00 


Thk  yields 

£sc  =  [(G//oXl/Ti  +  io)g)] 


Si(a)i)S4(co2) 
-i(a)l-t02  +  cog)  +  I/ti 


Increasing  the  bandwidth  of  the  device  in  these  ways  will 
decrease  the  refiectivity.  To  explain  this,  we  consider  the 
second  technique.  With  Si((i>i)  depicted  as  a  comb  function, 
assume  without  loss  of  generality  that  the  output  is  generated 
from  the  overlap  of  the  first  delta  function  with  the  signal 
spectrum.  It  is  clear  that  the  other  delta  functions  will  tend  to 
destroy  the  grating  and  decrease  the  reflectivity. 


X  exp[  -  i(toi-(02  +  cog)  f  ]  dcoidco2  .  (10) 

3.  EXPERIMENTAL  RESULTS 

In  the  context  of  moticxi  detection,  eq.  ( 10)  signifies  the  follow¬ 
ing.  When  motion  of  the  object  induces  a  temporal  frequency  Fig.  1  shows  the  experimental  arrangement  used.  Essentially, 
component  in  the  signal  beam  that  matches  the  difference  in  it  was  the  standard  configuration  for  four-wave  mixing  modi- 

carrier  frequencies  of  the  two  writing  beams,  a  dc  component  to  fied  by  two  piezoelectric  transducers  (PZT).  The  two  PZTs 
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were  driven  by  two  separate  function  generators.  The  source 
was  a  HeNe  laser  operating  in  tnultilongitudinal  inode  with  an 
output  power  of  30  mW  and  wavelength  X  =  632.8  nm.  Tlie 
beam  was  expanded  to  a  diameter  of  2  mm.  Beam  splitter  BS 1 
divided  the  source  beam  into  two  beams  Ai  (reference  beam) 
and  A4  (signal  beam).  Read  beam  At  was  generated  by 
retroreflectionofAi  from  mirror  M3.  Alens(/=  100nTm)was 
used  in  beam  A4  to  image  the  input  object  plane  to  the  BSO. 
The  measured  intensities  of  the  beams  Ii,  I2, 14  were  10  mW,  5 
mW,  and  7  mW  respectively. 

This  experiment,  as  previously  mentioned,  relied  on  destroy¬ 
ing  the  grating  through  rapid  phase  variations  in  the  beams.  We 
chose  7:  square  phase  shifts  for  our  modulation  to  maximize  the 
erasing  tendency  of  the  modulation  as  in  coherent  erasure  tech¬ 
niques  [6-8].  For  static  objects  under  continuous  flipping  of  the 
phase,  the  phase  conjugate  beam  intensity  will  average  to  zero. 
However,  for  moving  objects,  the  phase  conjugate  will  not 
average  to  zero,  reappearing  under  the  constraints  of  time  cor¬ 
relation  detection. 

Fig.  2  illustrates  the  basic  operation  of  the  device  when  the 
PZT  in  the  reference  beam  (PZTi)  was  driven  with  a  square 
wave  of  voltage  14  to  produce  7t  phase  shifts  at  a  frequency  of 
416  Hz.  For  a  comparison  Fig.  2a  shows  the  full  stationary 
phase  conjugate  beam,  almost  saturating  the  camera,  and  Fig. 
2b  illustrates  the  result  while  operating  PZTi  with  a  square 
wave,  almost  no  conjugate  appears.  However,  by  introducing 
arbitrary  phase  shifts  in  the  signal  beam  (accomplished  by 
moving  a  microscope  slide  iti  the  beam),  the  grating  inside  the 
photorefractive  was  no  longer  washed  out  and  the  phase  con¬ 
jugate  beam  reappeared,  as  shown  in  Fig.  2c.  It  is  clear  then  tliat 
phase  changes  in  the  signal  beam  may  be  detected  and  observed 
in  the  output  image  plane. 

We  studied  the  perfomiance  of  this  device  when  a  resolution 
chart  was  placed  in  the  input  object  plane.  Fig,  3a  is  the  con¬ 
jugate  image  of  the  chart  while  operating  a  square  wave  signal 
on  PZT  1 .  Wlien  the  cliart  was  twisted  in  the  plane,  a  transient 
image  appeared  which  disappeared  with  the  static  chart.  Tliis  is 
shown  in  Fig.  3b.  (The  horizontal  lines  in  the  figures  are  video 
scan  lines.)  However,  for  transverse  motion  of  the  chart  in  the 
input  plane  nothing  was  detected  because  the  resultant  phase 
variations  were  not  sufficiently  fast. 

We  were  able  to  observe  the  transverse  amplitude  motions, 
by  attaching  a  phase  diffuser  to  the  resolution  chart.  With  this 
lechnique  any  transverse  motion  cau.sed  amplitude  and  pliase 
variations.  These  results  were  extremely  smeared  due  to  the 
fast  motions,  therefore  we  present  the  results  with  the  diffuser 
alone. 

l  ig  4a  IS  the  conjugate  image  of  the  diffuser.  Fig,  4b  shows 
the  results  under  conditions  similar  to  those  in  Fig.  3a.  Wlien 


the  diffuser  is  translated  in  any  direction,  a  phase  conjugate 
image  appears  as  shown  in  Fig.  4c.  The  irradiarKe  of  the  output 
image  is  very  much  defjendent  on  the  speed  of  motion.  Slow 
translations  were  very  faint.  With  increasing  speed  the  output 
irradiance  increased  until  the  frequencies  of  the  variations  in  the 
input  image  no  longer  matched  the  reference  beam  frequencies. 
It  is  possible  to  design  these  systems  to  measure  motion  of  cer¬ 
tain  speeds  exceeding  some  present  tlireshold  that  has  no  upper 
bound. 

The  last  experiment  we  performed  was  to  measure  the  effect 
of  the  bandwidth  increase  on  the  device  reflectivity.  First  we 
operated  PZT  1  in  the  reference  beam  with  a  square  wave  at  a 
frequency  of  /I  =  200  Hz  (which  was  the  minimum  frequency 
capable  of  destroying  the  grating).  We  then  introduced  con¬ 
tinuously  increasing  phase  delays  in  the  signal  beam  (again  by 
twisting  a  microscope  slide)  and  measured  the  resulting  output 
intensity. 

We  operated  the  device  by  driving  a  second  PZT  (PZT2)  in 
tlie  signal  beam  with  a  square  wave  at  /t  =  4 16  Hz  (which  was 
also  capable  of  destroying  the  grating  with  or  without  modula¬ 
tion  of  PZTi).  It  was  expected  that  this  would  increa.'"  *he 
bandwidth  while  decreasing  the  reflectivity.  We  only  examined 
tire  effect  of  this  process  on  the  reflectivity  without  concern  to 
tire  effect  on  bandwidth  (due  to  a  lack  of  a  third  modulator).  Our 
results  show  that  introduction  of  the  second  PZT  produced  a 
factor  two  decrease  in  the  intensity  compared  to  the  experiment 
with  only  one  PZT.  The  reason  is  explained  below. 

The  amplitude  of  the  reference  beam  Ai  resulting  from 
modulating  its  phase  with  a  square  wave  is 


Ai(t)  = 


4|.4i  I 
7; 


I 

m=0 


sin[  {2m  +  1  )  (cjif )  ] 
2m  +  1 


(12) 


The  fundamental  frequency  of  the  reference  beam  At,  and 
hence  the  interference  pattern  is/i  =  200  Hz.  Wlien  the  fre¬ 
quency  of  the  phase  delays  in  the  signal  beam  A4  is  contained 
v%  ithin  this  spectnun  a  phase  conjugate  beam  is  generated  with 
intensity  proportional  to  (2  /  n  )“■  When  the  second  PZT  is  intro¬ 
duced,  mixing  of  the  signal  and  reference  produced  large  har¬ 
monics  in  the  interference  pattern  at  the  siun  and  difference  of 
the  signal  and  reference  fundamental  frequencies, /2  +  f\  =616 
Hz  and  fz-  fi  =216  Hz,  respectively.  Here  when  the  frequen¬ 
cy  of  the  phase  delays  is  contained  within  this  expanded 
s|x-ctnim,  particularly  when  it  is  at  the  fundamental  difference 
frequency  fz  ■  /l,  the  output  beam  had  an  intensity  proportional 
to  (4/71  ')'.  Taking  a  ratio  of  the  intensities  for  Ixith  cases  we 
get  a  theoretical  reduction  factor  of  2  5  which  is  close  to  ex- 
jierimeti'il  ratio  of  2. 


In  furtlier  exatnination  of  this  effect,  we  opetated  PZT i  with 
white  noise  and  PZT2  with  a  square  wave.  No  signal  was  de¬ 
tected  at  the  output  for  this  case.  This  result  was  independent  of 
the  frequency  of  the  square  wave. 

4.  CONCLUSION 

We  have  proposed  and  demonstrated  a  tunable  time  correla¬ 
tion  motion  detector.  This  detector  has  the  advantage  that  it  can 
detect  motions  faster  than  the  material  response  time.  Two  tech¬ 
niques  were  given  to  increase  the  bandwidth  of  the  device  with 
experimental  results  that  indicate  the  trade  off  between  the  re¬ 
flectivity  and  the  bandwidth.  This  device  detects  phase  objects: 
therefore,  using  the  device  in  combination  with  real-time  phase 
spatial  light  modulators  is  more  feasable.  Also,  the  objects  can 


be  Fourier  transfonned  so  that  any  transverse  motion  of  the  ob¬ 
ject  results  in  detectable  phase  motions  in  the  Fourier  plane. 
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Abstract  -  We  present  an  optical  signal-processing  technique  for  additive 
noise  reduction  that  uses  the  noisy  signal  and  a  Gaussian  reference  beam  to 
produce  an  adaptive  Wiener  filter.  We  experimentally  demonstrate  an  improve¬ 
ment  from  1  to  8  in  the  signal-to-noise  ratio  by  using  nonlinear  gain  in  two- 
beam  coupling  in  barium  titanate  to  transmit  50%  of  the  signal  and  6%  of  the 
noise. 


Q  =  ^y(^)  ^  (/•->-  l)exp(rL) 

MO)  1  +  r  exp(rL)  ’ 

and,  for  a  negative  coupling  coefficient,  the  limits  become 


1  r  »  exp{  -  TL)  >  1 

exp(  TL)  r  «  1  <  exp(-  TL) 


Photorefractive  two-beam  couping  has  been  used  to  perform 
a  variety  of  optical  processing  functions.  Examples  include 
edge  enhancement,  beam  cleanup,  ’  optical  differentiation  in 
time,^  novelty  filtering,^  and  contrast  enhancement.*^ 

In  this  Letter  we  introduce  a  new  optical  implementation  for 
reducing  additive  noise  in  images  that  utilizes  the  difference  in 
energy  distribution  of  the  signal  and  the  noise  at  the  Fourier 
plane.  In  many  cases,  the  spatial  noise  spectmm  is  broadly 
spread  at  a  low  intensity  relative  to  the  intense  signal  spectrum 
peaks.  This  occurs  even  when  the  signal-to-noise  ratio  is  low  at 
the  input  plane.  Here  we  propose  what  is  to  our  knowledge  the 
first  use  of  any  phase-preserving  thresholding  mechanism  (ho¬ 
lographic  materials  or  other  optically  addressed  spatial  light 
modulators)  in  the  Fourier  plane  to  reduce  the  noise.  Nonlinear 
gain  in  two-beam  coupling  is  experimentally  demonstrated  to 
reduce  additive  speckle  in  bar-chart  iinages  by  implementing  a 
self-adaptive  Wiener  filter. 

Beam  cleanup  by  photorefractive  two-beam  coupling  is  an 
amplification  and  not  a  noise-reduction  technique  because  it 
pumps  a  pure  seed  beam.  ’  Other  nonlinear-optical  methods 
exist  for  reducing  noise  in  special  cases.^’*^  Fast  multiplicative 
speckle  is  removed  by  time-averaging  holography.^  Slowly  de¬ 
veloping  beam  fanning  backgrounds  are  removed  by  moving 
the  crystal.  Additive  noise  may  be  reduced  by  using  a  noise- 
free  reference  signal  to  write  a  Wiener  filter  in  combination 
with  the  noisy  signal.^  None  of  these  techniques  can  separate  an 
unknown  signal  embedded  in  a  high-noise  background.  For  any 
timevarying  coherent  signal,  our  new  approach  reduces  addi¬ 
tive  noise  that  varies  more  slowly  than  the  beam  fanning  re¬ 
sponse  time  by  writing  a  noise-canceling  hologram. 

Figure  1  shows  the  configuration  of  two-beam  couping.  The 
gain  experienced  by  the  signal  beam  can  be  found  from  the  so¬ 
lution  of  the  coupled  wave  equation  under  the  slowly  varying 
envelope  approximation.  If  we  assume  negligible  absorption, 
the  solution  is  given  by* 


Here  r  is  the  beam  intensity  ratio  of  the  input  (beam  5)  relative 
to  the  reference  beam  (beam  4)  at  the  front  surface  of  the  crys¬ 
tal,  r  is  the  two-beam  coupling  coefficient,  and  L  is  the  effective 
interaction  length  within  the  crystal. 

The  sign  of  the  couping  coefficient  in  the  diffusion  case  de¬ 
pends  on  the  crystal  orientation  and  the  sign  of  the  photoin- 
duced  space  charge.  The  magnitude  of  the  coupling  coefficient 
depends  on  the  effective  electro-optic  coefficient  and  trap  den¬ 
sity.  For  the  barium  titanate  crystal  shown  in  Fig.  1 ,  the  orienta¬ 
tion  of  the  c  axis  gives  a  negative  coupling  coefficient,  which 
attenuates  the  signal  beam.  For  this  measurement,  a  signal 
beam  that  is  more  intense  than  the  reference  beam  will  pass 
through  without  loss,  while  a  signal  beam  that  is  less  intense 
will  lose  intensity  exponentially.  This  physical  process  may  be 
used  for  additive  noise  reduction. 

When  the  image  is  embedded  in  additive  sjseckle  noise,  the 
noisy  input  i  (x.y)  is  the  sum  of  the  signal  s  (jc,y)  produced  by  the 
object  transparency  and  a  noise  background  n  (x,y).  The  Fourier 
transfomi  of  the  signal  and  noise  are  S  (u;!;  and  N  (ujr,o>),  re¬ 
spectively. 

The  Fourier  transform  of  speckle  noise  is  speckle  N  {Vx,  Oy) 
whose  spatial  spectrum  bandwidth  is  determined  by  the  grain 
size  of  the  speckle  n  {x,  y)  in  the  input  plane.  An  example  of  the 
Fourier  Iransfonn  of  fully  developed  speckle  is  shown  in  Fig. 
2A.  The  speckle  in  the  Fourier  plane  is  spread  unifonnly  up  to 


I’ip  I  (ironwirv'  tor  Iwtvwavr  mixing  in  barinin  litaiutr  s|X‘cifying  txMli  tlu* 
fvlVn*ncc  ;uul  signiil  lx*.ams 
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[•ig.  2.  roiirier  (nuLsfonns.  (A)  for  fiilly  developed  speckle  and  (D)  for  tlie 
input  infonnatioii  (signal  plus  noise). 

a  certain  spatial  frequency.  A  photograph  of  the  Fourier  trans¬ 
form  of  a  noisy  resolution  chart  input  (Fig.  4B)  is  shown  in  Fig. 
2B.  The  signal  Fourier  transform  is  seen  to  be  a  diffraction  pat¬ 
tern  of  high  intensity  relative  to  the  noise  It  is  clear,  therefore, 
that  by  beatn  coupling  the  spectrutn  of  the  infonnation  in  the 
Fourier  plane  with  a  relatively  low-ititensity  reference  beatn  it  is 
possible  to  remove  tnost  of  the  tioise  frotn  the  signal.  The  signal 
will  pass  through  with  little  attenuation,  while  the  speckle  noise 
will  be  coupled  into  the  reference  beam. 

The  experimental  arrangement  is  shown  in  Fig.  3.  It  is  essen¬ 
tially  a  standard  configuration  of  two-beatn  coupling.  The  laser 
used  is  an  argon  laser  operating  at  X  -  514.5  nm  with  an  in¬ 
tracavity  etalon.  Beam  splitter  BSl  divides  the  input  intensity 
into  two  beatns  (beams  1  and  2).  Beam  1  is  the  noise  beatn, 
which  passes  through  a  diffuser  to  generate  speckle  noise  and 
then  through  an  aperture  with  the  same  size  as  the  signal  beatn. 
Tlie  object  beam  (beam  3)  has  its  intensity  adjusted  by  the  vari¬ 
able  neutral-density  filter  and  produces  the  signal  image  by 
illuminating  a  portion  of  a  U.S.  Air  Force  lens  resolution  chart. 
The  reference  beatn  (beatn  4)  also  passes  through  a  variable 
neutral-density  filter  and  has  the  same  size  as  the  object  beatn. 
The  signal  beam  and  the  noise  beam  were  combined  by  a  beatn 


splitter  with  carefiil  aligrunent  to  overlap  the  signal  and  noise 
beams  in  both  the  near  and  far  fields.  All  the  input  infonnation 
(speckle  and  signal)  was  then  Fourier  transfonned  by  a  lens  (L) 
of  1 1-cm  focal  length  into  a  barium  titanate  crystal  of  width  4.2 
mm,  height  4.6  tnm,  length  4.9  mm. 

The  orientation  of  the  reference  and  signal  beams  relative  to 
the  barium  titanate  crystal  is  shown  in  Fig.  1 .  The  crystal  was 
oriented  such  that  0i=  1  Ideg,  02=  17  deg,  and  p  =  2.5  deg.  For 
our  crystal,  the  measured  transmittance  of  a  weak-intensity  sig¬ 
nal  beam  by  an  equal-diameter  reference  beam  was  33%.  The 
coupling  coefficient  for  our  crystal  as  determined  by  Eq.  (1)  is 
0.25/min,  which  is  consistent  with  published  data.’  In  this 
noise-reduction  configuration,  approximately  20%  of  the  signal 
energy  in  the  steady  state  is  lost  from  the  signal-beam  images  in 
Fig.  4. 

Figure  4  gives  characteristic  results  for  tliis  technique  of  ad¬ 
ditive  noise  (speckle)  reduction.  Figure  4A  shows  the  input  sig¬ 
nal  infonnation  from  the  fine  features  in  the  center  of  the  reso¬ 
lution  chart.  Figure  4B  is  the  input  information  (signal  embed¬ 
ded  in  additive  speckle  noise).  The  initial  signal-to-noise  ratio 
was  equal  to  unity  as  defined  by  the  ratio  of  the  binary  signal 
(reak  to  the  noise  peak  intensities.  Figure  4C  shows  the  result  of 
noise  reduction  using  two-beam  coupling.  It  can  be  seen  that  the 
signal  has  passed  through  with  little  change,  while  the  noise  has 
experienced  a  large  attenuation.  The  result  is  that  the  image 
contrast  is  enhanced  with  an  improvement  in  signal-to-noise 
ratio  from  1  to  8  by  transmitting  (reflection  corrected)  50%  and 
6%  of  the  signal  and  speckle,  respectively.  If  we  divide  the  out¬ 
put  image  energy  by  the  total  input  energy  of  both  pump  and 
signal  (after  correcting  for  reflection  losses),  a  total  optical  effi¬ 
ciency  of  2%  for  steady-state  coupling  is  calculated.  In  device 
operation,  the  energy  cost  of  this  noise  reduction  is  proportional 
to  the  energy  in  the  noise,  and  the  optical  efficiency  improves 
for  inputs  with  less  noise.  For  our  high  noise  input,  a  maximiun 
optical  efficiency  of  approximately  50%  would  occur  for  noise 


I'ig  .t.  i;x|K-riinciil,il  arranprniriit  for  adililivc  iiol.sc  rixtiicliori  VI  I,  Vl'2, 
variable  urnlra\-(teii.sity  fillers,  Ml-M.l,  mirrors,  1),  illffiiM  r.  1’, 
aixTitunv 
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I  ig,  4.  Additive  noise  (sjH’ckle)  reduelioii  (A)  (he  si^n.d,  (H)  die 

iiitoniLitioii  (signal  and  noise),  ((')  the  noisi’-n’iiucetl  versn)n  ot  li 
iLsinp  Iwodvain  coupling 


removal  using  a  fixed  spatial  filter,  i  e.,  w  ith  zero  pump  Ixmiii 
energy  and  no  adaptive  capability. 

This  tioise  reduction  techtiique  is  based  oti  the  difference  Ix' 
tweeti  the  spatial  spectra  of  the  noise  and  the  signal  and  cati  lx- 
attalyzed  as  an  adaptive  optical  itnplemetitation  of  a  digital 
Wiener  filter.  Tlie  digital  Wietier  filter*'*  is  widely  used  for  atl 
ditive  noise  reductioti  Comparitig  the  adaptive  ojitical  tioi.se  re 
ductioti  filter  G  of  Eiq.  ( 1 )  with  the  Wiener  (transtnission)  filter 
for  additive  noise  reduction  /•',  one  has 


F(vx,Vy)  = - — -  (2) 

1  s  r  +  (Ao^ 
and  the  limits  become 

^=[1  \sr»(Nr 

[o  isr«(iv)^ 

2  2 

Here  |  S|  is  the  signal  spectral  density  and  (N)  is  the  statis¬ 
tical  noise  spectral  density.  In  Eq.  (1),  self-adaptive  Wiener  fil¬ 
tering  occurs  when  the  Fourier  spectrum  of  the  signal  is  greater 
than  the  piunp  intensity,  which  is  in  turn  greater  tlian  (and  pos¬ 
sibly  proportional  to)  the  noise  intensity.  One  significant  differ¬ 
ence  between  our  photorefractive  adaptive  Wiener  filter  and  the 
classical  Wiener  filter  is  that  the  photorefractive  version  adap¬ 
tively  thresholds  out  a  particular  noise  spectral  pattern,  while 
the  classical  Wiener  filter  attenuates  according  to  the  statistical 
probability  of  the  noise  spectrum.*^ 

In  siunmary,  we  have  described  an  energy-efficient  nonlin¬ 
ear-optical  technique  that  enhances  the  contrast  of  a  signal  that 
is  embedded  in  additive  noise.  Our  specific  implementation  re¬ 
lies  on  thresholding  the  Fourier  transfomi  of  the  input  infomia- 
tion  by  using  photorefractive  two- beam  coupling,  Fourier  trans- 
fonns  of  many  additive  noises  have  broadly  spread  low-inten¬ 
sity  sp.atial  spectra.  This  is  sufficient  to  produce  the  spectral  sep¬ 
aration  of  noise  and  signal  patterns  required  by  this  technique. 
Our  result  show  that  it  is  possible  to  increase  the  signal-to-noise 
ratio  from  1  to  8  while  enhancing  features  that  are  both  smaller 
and  larger  than  the  speckle  grain  size  at  the  input. 

Jehad  Khoury  and  Mark  Cronin-Golomb  are  also  w  ith  the 
Electro-Optics  Technology  Center,  Tufts  University,  Medford, 
Massachusetts.  Their  research  was  supported  by  Rome  Lalxira 
tory  contract  F3C)602-88-D-0026. 
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Abstract  -  An  optical  lock-in  detector  has  been  proposed  and  demonstrated 
Viis  scheme  utilizes  the  multiplicative  and  low-pass  filtering  characteristics  of 
four-wave  mixing  in  BiuSiOjo. 


In  many  scientific,  commercial,  and  industrial  applications  it 
is  necessary  to  detect  and  recognize  signals  that  are  embedded 
in  a  high-noise  environment.  Some  of  these  applications  may 
include  communications,  spectroscopy,  and  measurement  of 
the  Hall  effect  and  may  further  include  biomedical  applica- 
tions.  '  One  of  the  more  useful  instruments  for  these  applica¬ 
tions  is  the  lock-in  amplifier.  In  certain  cases,  such  as  in  the 
study  of  noisy  images  for  which  the  signal  and  the  noise  have 
different  temporal  frequencies  and  in  interferometric  tech- 
niques  for  thin  film  analysis  when  the  signal  is  already  optical, 
it  is  better  to  develop  an  all-optical  device  that  would  be  parallel 
in  its  performance. 

Traditionally  a  lock-in  detector  is  a  combination  of  a  fre¬ 
quency  mixer  followed  by  a  low-pass  filter.  Mixing  two  signals 
of  frequencies  / 1  and  /z  generates  signals  of  frequencies  fi*  fz 
and  J\-  fz  and  their  integer  multiples.  Low-pass  filtering  yields 
a  signal  with  the  beat  frequency  f\  -  fz- 

Both  multiplication  and  lock-in  detection  can  be  realized  op¬ 
tically  by  using  photorefractive  four-wave  mixing  (FWM).^* 
The  multiplicative  characteristic  of  FWM  is  used  for  mixing, 
and  the  response  time  of  the  photorefractive  mediiun  is  used  for 
low-pass  filtering.^ 

In  this  scheme  one  reference  beam  is  temporally  phase  mod¬ 
ulated  at  a  frequency  f\,  which  is  much  higher  than  the  recipro¬ 
cal  of  the  ciystal  response  time.  The  signal  beam  is  phase  mod¬ 
ulated  at  a  slightly  different  frequency,  fz.  The  modulation  in 
both  beams  results  in  the  phase-conjugate  beam’s  oscillating  in 
amplitude  at  the  frequency  f\  -  fz-  Tlie  amplitude  of  the  oscil¬ 
lating  phase  conjugate  is  higher  at  low  beat  frequencies  and 
vanishes  when  the  beat  period  becomes  much  shorter  than  the 
photorefractive  response  time.  When  both  the  signal  and  the 
reference  beams  are  modulated  with  the  same  period  by  similar 
or  different  wa  vefonns,  the  result  is  a  nonoscillating  phase  con¬ 
jugate  whose  intensity  is  detennined  by  the  phase  difference  be¬ 
tween  the  two  input  modulating  signals.  We  show  that  this  par¬ 
allel  optical  lock-in  detector  is  analogous  to  the  serial  electronic 
phase-sensitive  detector  or  lock-in  detector. 


Another  device  that  operates  on  the  principle  of  processing 
signals  that  vary  faster  than  the  response  time  of  the  material  is 
the  time-integrating  optical  correlator.^ 

Consider  a  photorefractive  material  in  which  three  beams, 
Ai,  A4  (the  reference  and  the  signal  beams,  respectively),  and 
A2  interact  through  FWM.  A  space-charge  field  (£sc)  is  built  up, 
and  a  phaseconjugate  beam,  A3  is  generated.  The  photorefrac¬ 
tive  equation  that  describes  the  development  of  the  space- 
charge  field  within  the  crystal,  assuming  that  Ai  and  A4  are  co¬ 
herent,  is  given  by 

dEsc  ^  Esc  G  A\(t)Ai  (/) 

dr  ^  T  ~  T  /o  ’  ^  ^ 

where  r  is  the  response  time  of  writing  the  grating,  G  is  a  pa¬ 
rameter  that  can  be  found  from  standard  theories  of  the  pho- 
torefractive  effect,  and  Iq  is  the  total  intensity  of  the  interacting 
beams: 

/o  =  M I  I  ^  +  I  /I2  I  ^  +  I  A3  I  ■  +  I A4  I  ^  =  const. 

For  weakly  absorbing  materials  with  small  electrooptic  coeffi¬ 
cients,  constant  Iq,  and  a  time-independent  readout  beam,  the 
Kogelnik*^  theory  yields  a  phase-conjugate  amplitude  that  is 
proportional  to  the  space-charge  field: 

Ai  «  Esc  ■ 

Assuming  that  the  specific  case  in  which  the  two  input  beams 
Ai  and  A4  are  sinusoidally  phase  modulated  at  frequencies 
large  compared  with  the  reciprocal  response  time  of  the  mate¬ 
rial,  one  has 

A|  =  I  Ai  I  exp[-  /  6]  sin(  wir  +  4)i)] 

00 

=  I  A)  I  ^  y„  (  6i)exp[  - //i(wir  +  ())|)]  .  (2a) 

-  00 

A4  =  I A4  I  exp[-  i  62  sin(  wzt  +  4)2)] 

00 

=  I  A4  I  ^  J„  (  62)exp[  -  in{i02t  +  4)2)]  >  (-1)) 
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lock'in  detection. 


Because  of  the  low-pass-filtering  characteristics  of  the  pho- 
torefractive  medium,  the  only  terms  that  have  significant  contri¬ 
butions  are  the  terms  that  satisfy  the  relation 

(nwi  -  /na)2)T  «  1  . 

Since  the  oscillation  frequencies  are  assumed  to  be  large 
compared  with  the  reciprocal  response  time  of  the  photorefrac- 
tive  material,  the  only  terms  that  contribute  are  the  n  =  rn  tenns, 
and 


G|  Ai  1  |/l4  I  ^ 
to  I 


-  0)2  )  +  '4 


X  exp[  -  in(coi  -  co2)f  ]exp[-  infij)!  -  (1)2)]  I  - 


(4) 


lig.  2. 


Six  oscilloscope  (races  displaying  die  rcsiilLs  of  sinusoidal  pluisc 
iiKxtulalioa  The  bottom  trace  of  each  i)air  sliows  tlx-  electronic  results 
A.  Botli  inputs  are  nxxlulated  at  10.8  rad.  B.  Tlie  (wo  inputs  tiKxIulated 
simultaneously  by  10.8  and  5.4  rad.  C.  Both  of  the  inputs  are 
modulated  by  5.4  rad.  The  hori/.ontal  axis  in  all  cases  is  100 
ins/divisioa 


where  6i  and  62  are  the  amplitudes  of  the  phase  modulations  in 
beams  Ai  and  A4,  respectively,  and  coi  and  02  are  the  phase- 
modulation  frequencies.  The  signal  phases  are  <t)i  and  <t>2  and  Jn 
is  the  nth-order  Bessel  function.  Substituting  Eqs.  (2)  into  the 
solution  for  Eq.  ( 1 )  yields 


£.^ 


G\A\ I \A4\ 

/OT 

fI  =  -oo  //i=-oo 


4i(5|  Vm(52) _ 

((nwi  -  /nt02  )  +  *4 


X  exp[  -  /(rtcoi  -  ma)2)/  ]exp[-  /(ntjii  -  n/(t)2)]  i  (3) 


For  reference  frequencies,  0)1  =  0)2, 

00 

Esc  =  I  62)exp[  -  in(  (})i  -  (!)2)]. 

(5) 


•300  'fOO  -'OO  0  '00  ?00  300 

riMt  (m  jeci 
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For  0)1  =  2o)2  it  is  possible  to  show  that  the  second  hannonic 
of  Ai  couples  with  the  first  harmonic  of  A4,  as  is  the  case  in 
electronic  lock-in  detectors.* 

It  is  clear  from  Eq.  (5)  that,  when  the  fields  Ai  and  A4  are 
modulated  at  ft^uencies  higher  than  the  reciprocal  response 
time  of  the  material,  the  output  is  dependent  on  the  phase  differ¬ 
ence  between  the  two  input  signals  and  their  amplitudes.  This  is 
the  principle  of  optical  phase-sensitive  detection. 

The  experimental  arrangement  for  demonstration  of  the  un¬ 
derlying  ideas  arid  comparison  with  theory  is  shown  in  Fig.  1 .  It 
is  essentially  a  standard  configuration  of  FWM  modified  by 
two  mirrors  mounted  upon  piezoelectric  transducers  (PZMi 
and  PZM2)  in  the  reference  and  signal  beams.  A  30-mW  He-Ne 
laser  beam  was  expanded  to  a  radius  of  2  mm  and  divided  into 
two  input  beams  by  beam  splitter  BSi .  The  intensity  of  the  ref- 
erence  beam  was  /i  =  59  mW/cm  ,  and  the  intensity  of  the  sig¬ 
nal  beam  was  h  =  82  mW/cm^.  The  beams  intersect  in  a 
Bi  i2SiC)20  (BSO)  crystal  at  an  angle  of  1 8°.  The  reference  beam 
after  its  passage  through  the  crystal  was  reflected  back  to  the 
BSO  crystal  to  generate  a  readout  beam  of  h  “  38  mW/cm  . 
The  phase-conjugate  beam  A3  was  detected  simultaneously  by 
a  photodetector  and  a  camera. 

Figure  2  shows  three  oscilloscope  traces  of  frequency  mixing 
between  two  sinusoidal  phase  modulations.  The  modulation  on 
PZMi  was  at  a  frequency  of  161  Hz,  and  the  modulation  on 
PZM2  was  at  a  frequency  of  165  Hz.  In  Fig.  2A  the  top  trace 
shows  the  result  when  both  piezoelectric  transducers  were  mod¬ 
ulated  so  that  the  total  phase  modulation  was  10.8  rad.  We  em¬ 
phasize  that  any  one  of  the  phase  modulations  alone  was  able  to 
destroy  the  phase-conjugate  beam.  The  output  signal  consists  of 
a  high  peak  intensity  with  two  low  peak  intensities.  When  the 
phase  modulation  of  any  one  of  the  beams  was  reduced  to  half 
of  its  origitral  amplitude,  the  previous  two  low  peaks  in  Fig.  2A 
merged  into  one  low  peak,  as  illustrated  in  the  top  trace  of  Fig. 
2B.  By  changing  the  modulation  in  both  inputs  to  5.4  rad,  we 
observed  a  significant  change  and  the  result  of  the  frequerKy  mix¬ 
ing,  which  looks  like  the  distorted  sine  wave  shown  in  Fig.  2C. 

Corresponding  theoretical  solutions  are  shown  in  Fig.  3. 
These  are  calculated  from  Eq.  (4),  assuming  that  r  =  10  ms  and 
A(i)  =  0.024 16  rad/ms.  To  show  that  the  frequency  the  mixed 
signal  is  the  beat  frequency,  we  fed  the  two  triggers  of  the  driv¬ 
ing  signals  to  an  electronic  multiplier.  The  electronic  results  are 
illustrated  in  any  one  of  the  bottom  traces  of  Figs.  2A-2C.  A 
semiquantitative  agreement  between  the  theory  and  the  experi¬ 
ment  has  been  achieved. 

Figure  4  shows  the  results  of  the  phase-sensitive  detector 
when  it  is  operated  simultaneously  with  two  phase-locked  si¬ 
nusoidal  phase  modulations  with  shifts  of  10.8  rad  in  both  pi¬ 
ezoelectric  modulators  at  a  frequency  of  162.5  Hz.  The  solid 


-~'i  0  »ij 

PHASE  DIFFERENCE  (fad) 


l-'ig  4  InIciLsily  of  itic  phasf-conjugalc  return  as  a  function  of  the  phase 
diffe raiaT  in  Uie  two  electronic  driving  signals.  Tlie  dots  represent  tlie 
cxpcrinK’iil,  and  tlie  solid  curve  leprcscnts  the  theory. 

curve  is  the  theoretical  plot  from  Eq.  (3).  In  these  calculations  it 
was  assumed  that  the  response  time  of  the  material  is  10  ms, 
which  corresponded  to  the  faster  of  the  two  response  times  of 
BSO.***  Nine  pairs  of  Bessel  functions  were  included  in  the 
calcuations.  A  good  agreement  between  the  experiment  and  the 
theory  was  achieved. 

The  object  of  this  study  is  to  introduce  and  demonstrate  the 
(jiinciple  of  the  optical  lock-in  detector.  Even  though  the  use  of 
sine  waves  to  modulate  the  phase  of  the  reference  and  the  signal 
beams  is  not  optimal  for  self-referencing  of  the  output,  an  exact 
self-reference  can  be  obtained  with  a  square  wave  modulating 
the  phase  of  the  reference  beam  and  a  sinusoidal  amplitude 
modulation  of  the  signal  beam.  In  this  sense,  the  output  is  lin¬ 
early  proportional  to  the  amplitude  of  the  input,  which  is  the 
case  in  the  electronic  analog.  * 

An  obvious  follow-up  to  these  experiments  would  be  to  de¬ 
sign  a  device  with  pulse-width  modulation  in  the  reference 
beam  to  avoid  coupling  in  the  second  harmonic.  In  addition, 
heterodyne  detection  would  be  possible  by  applying  an  external 
electric  field  across  the  crystal,  resulting  in  a  complex  response 
time.* 

In  conclusion,  we  have  proposed  and  demonstrated  what  is  to 
our  knowledge  the  first  optical  lock-in  detector.  This  scheme 
utilizes  the  multiplicative  characteristic  of  the  real-time  holo¬ 
graphic  medium  as  well  as  the  low-pass-filtering  property  im¬ 
posed  by  the  response  time  of  the  material.  Developing  this  de¬ 
vice  with  the  use  of  diode  lasers  and  semiconducting  pho- 
torefracti  ve  materials  may  open  up  the  possibility  of  a  new  gen¬ 
eration  of  optical  pliase-sensitive  detectors  that  can  process  spa¬ 
tial  and  serial  infonnation.  Using  a  material  with  a  large  electro¬ 
optic  coefficient  (such  as  BaTiO.i  or  SBN)  will  provide  gain, 
therefore  pennitting  consideration  of  use  of  some  real-time  ho¬ 
lographic  media  in  an  optical  lock-in  amplifier. 
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SPHERICAL-WAVE  EXPANSIONS  OF  PISTON-RADIATOR  FIELDS 


KiiiiaKI  Wiiuiuui,  Nalioiuil  liisliliilr  i>l  Slaiuliirds  aixt  Tccluiology  • 
AitJinr  I)  Yagiijian,  lilctlrimugik'lk's  A;  Ki  liahilily  Din'tlDralc,  Kimik-  I  jlx>rati)ry 

in  J  AciHtil  Siv  Am  .  Vol.  90.  No  >.  ScpU'iiilxT  UWl 


Absiraci  -  Simple  spherical-wave  expa/tsions  of  the  conimuous-wave  fieltLs  of 
a  circular  piston  radiator  in  a  rigid  baffle  are  derived  These  expansioiLs  are 
valid  throughout  the  illuminated  half-space  and  are  useful  for  efficient  numer¬ 
ical  computation  in  the  near-field  region.  Multipole  coefficients  are  given  try 
closed-form  expressions  which  can  be  evaluated  recursively 


1.  DsrmoDucnoN 

The  subject  of  this  pajjer  first  came  to  our  attention  regarding 
a  similar  electromagnetic  problem:  In  order  to  test  the  robust¬ 
ness  of  algorithms  for  determining  far-field  patterns  from  near¬ 
field  data,’  ^  we  have  been  studying  radiation  problems  for 
which  fields  can  be  calculated  accurately  and  efficiently 
throughout  free  space.  We  realized  tliat  the  fields  of  a  uniformly 
excited  circular  aperture  can  be  expanded  in  spherical  waves, 
and  a  natural  first  step  in  solving  this  electromagnetic  problem 
is  to  solve  the  corresponding  acoustic  problem.'^ 

While  searching  for  comparable  results,  we  were  surprised  to 
find  that  spherical-wave  expartsions  for  piston-radiator  fields 
seem  not  widely  known.  The  1969  review  paper  of  Gitis  and 
Khimunin^  briefly  mentions  papers  of  Backhaus,^’^  and 

g 

Stenzel,  who  give  spherical-wave  expansions  for  the  region  r 
>  a,  wb'-re  a  is  the  piston  radius  and  r  is  the  distance  to  the  ob¬ 
servation  point,  measured  from  the  center  of  the  piston.  The 
range  of  validity  exceeds  that  of  better  known  expressions  such 
as  those  of  Carter  and  Williams^  or  of  Seki  et  al.  We  know  of 
no  recent  substantive  reference  to  the  spherical  wave  expan¬ 
sions  of  Backhaus  and  Stenzel,  although  calculation  of  piston- 
radiator  fields  has  continued  to  generate  much  interest  (for  ex¬ 
amples,  see  Refs.  11-21  ), 

In  Sec.  2  we  give  spherical-wave  expansions  for  piston- 
radiator  fields  in  tlie  interior  region  (r  <  a),  as  well  as  in  the  ex- 
teriotfr  >  a)  region.  In  Secs.  3  and  4  we  derive  expressions  for 
the  multipole  coefficients  in  a  form  suitable  for  recursive  calcu¬ 
lation.  In  Sec.  5  we  present  numerical  results  as  a  point  of  com¬ 
parison  for  anyone  wishing  to  apply  our  formulation. 

2.  SPHERICAL-WAVE  EXPANSIONS 

Throughout  a  source-free  region,  the  acoustic  pressure  p  and 
particle  velocity  vare  related  by 

Vp  =  (wpov  ,  (la) 


PDf 

where  po  is  the  equilibrium  density,  c  is  the  speed  of  sound, 
and  k  =  co/f.  The  time  hannonic  factor  expK  -  tcor )  is  sup¬ 
pressed  here  and  in  the  remaining  discussion. 

Pressure  and  the  Cartesian  components  of  the  velocity  also 
obey  tlie  Helmholtz  equation 

k2ii  =  0.  (2) 

Spherical  waves  are  elemental  (multipole)  solutions  which 
arise  naturally  when  Eq.  (2)  is  separated  in  spherical  coordi¬ 
nates.  We  define 

(f)  “  i  jn  (kr)Ynm  (r") ,  (3a) 

u’™  (^)  ”  i  (kr)Ynin(T)  ■  (3b) 

The  Y,un  are  spherical  harmonics,  and  jn  and  are  spheri¬ 
cal  Bessel  and  Hankel  functions  (Ref  22,  Chaps.  3  and  16). 

Consider  the  problem  of  a  unifomily  vibrating,  infinitesi¬ 
mally  thin  disk  as  depicted  in  Fig.  The  velocity  at  the  surface 
;  =  0  is  *Vz.  and  the  velocity  at  the  surface  ’  =  O'  is  -F;. 
From  symmetry  considerations,  the  z  component  of  the  particle 
velocity  is  0  on  the  aperture  plane;  thus,  when  ;  >  0,  the  fields 


I’l^  !  A  disk  radiuli'r,  |KTsj)c<.iivc  aixl  al^r  views 
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of  the  disk  radiator  correspond  to  the  fields  of  a  piston  radiator 
in  a  rigid  baffle.  With  this  understanding,  we  will  use  the  terms 
"piston"  and  "disk"  interchangeably.  Since  disk-radiator  fields 
are  defined  for  all  directions,  natural  orthogonalities  of  spheri¬ 
cal  harmonics  can  be  exploited  in  developing  field  expansions. 

We  divide  space  into  two  regions:  The  interior  region  is  the 
spherical  volume  (r  <  a)  which  contains  the  disk  radiator.  The 
exterior  region  (r  >  a)  is  the  remaining  (infinite)  volume.  The 

Um  are  finite  at  the  origin  and  are  used  for  expanding  fields  in 
the  interior  region.  The  Unm  obey  the  radiation  condition  and 
are  used  for  expanding  fields  in  the  exterior  region. 

Spherical-wave  expansions  for  the  pressure  and  z  compo¬ 
nent  of  the  velocity  have  the  form 

oo 

p(r)  =  exp(iAlzl)-£  u'zv  «4v.o  (r),  r<a,  (4a) 

v  =  0 

OO 

p(r)=Yt  u^vfi  (r),  r>  a ,  (4b) 

v-0 

Uz  (r)  =  sgn  (z)  exp  (ik  |  z  | ) 

OO 

-£  ofv+i  tt4v+i.o  (r),  r<a  ,  (5a) 

V  =■  0 

OO 

u(r)=£  o?v+i  M^v+I.o  (r),  r>a  .  (5b) 

v  =  0 

Normalized  pressure  and  velocity  are  p  =  p/ipocV)  and 
V  *  v/V,  and  sgn(z)  is  1,0,  or  -1,  depending  on  whether  z  is 
positive,  0,  or  negative.  The  superscripts  i  and  e  on  the  multi¬ 
pole  coefficients  refer  to  interior  and  exterior.  Together  with  ex¬ 
pressions  for  the  coefficients  given  in  Secs.  3  and  4,  Eqs.  (4)  and 
(5)  ate  the  fundamental  results  of  this  paper. 

The  expansiotrs  Eqs.  (4)  and  (5)  reflect  the  symmetries  of  the 
disk  radiator:  The  second  spherical-wave  index  is  0  due  to  in¬ 
variance  on  rotation  about  the  z  axis,  and  since 


Hg.  2.  A  hole  of  radius  a  in  a  disk  radiator  of  aihitrarily  large  radius. 

16).  The  form  of  the  interior  region  (r  <  a)  expressions  can  be 
motivated  using  Fig.  2.  Here,  a  circular  hole  of  radius  a  is  cut  in 
an  infinite  disk  radiator  (that  is,  a  disk  radiator  of  arbitrarily 
large  radius).  Within  this  opening  (r  <  a)  fields  can  be  ex¬ 
panded  using  the  spherical  waves  Mni^(r)  (Ref.  23,  theorem 
13).  When  the  hole  of  Fig.  2  is  filled  in  by  the  disk  radiator  of 
Fig.  1,  the  fields  are  plane  waves.  Therefore,  for  the  disk  alone, 
the  fields  (r  <  a)  can  be  expressed  as  the  difference  between  a 
plane-wave  part  and  a  spherical-wave  expansion  of  what  may 
be  termed  an  edgewave  part.^  Validity  of  Eqs.  (4)  and  (5)  at 
r  =  o  is  discussed  in  the  Appendix. 

The  plane-wave  parts  of  Eqs.  (4a)  and  (5a)  satisfy  the  in¬ 
homogeneous  Helmholtz  equations 

(V+  k^)exp(jk  1  z  I )  =  2tk  6  (z) ,  (7a) 

(V+  ^)sgn(z)exp(t*  I  z  I )  =  2  6'  (z) ,  (7b) 

and  account  for  the  source  in  the  ajjerture  plane. 
Spherical-wave  functions  have  been  defined  so  that 

«^^(r)r^~ynm(r)-^P^|*''^  .  (8) 

Thus 


Uri,V(-r)  =  (-furi^Ur),  (6) 

p  (r)  is  an  even  function  of  z  and  u  ^  (r)  is  an  odd  function  of 
z,  as  required  by  symmetry  of  rotation  of  1 80“  about  the  y 
axis. 

In  the  source-free  exterior  region  (  r  >  a  )  fields  can  be  ex¬ 
panded  using  the  spherical  waves  Uii^^(r)  (Ref  23,  theorem 


^r)  r^oo  u°°  (  r) 


e\p(ikr) 

ikr 


where 

oo 

o”{r)=J^  ufv  y2v,o(r)  . 

v*0 


(9) 


(10) 
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Similarly, 


v(r)  r^oo  u  (  r)  r 


exp(iA:r) 

ikr 


3.  FORMULAS  FOR  THE  EXTERIOR 
REGION  COEFHCIENTS 

In  this  section  we  will  obtain  formulas  for  the  exterior  coeffi¬ 
cients: 


u5n  =  471(4/1  +  1)  (1-a^^  ) 


(12) 


M  =  0 


v^n*i  =  V4n(4n  +  3)  (1-  )  , 


Here,(2n)!!-  2-  4-  6-  •  •  (2«),(2n-l)!!=  1-  3-  5-  •  •  (2rt-l), 
and(0)!!»(-l)!!»  1. 

We  begin  with  the  familiar  spectral  reptesentation' 


(13) 


25 


Uz  (r)  =  ^  J  ^  v°°{k  )exp(ik'  r)  ^  ,  z  >  0 , 
where 


(14) 


oo  oo 


dkxj  dky,  kyy,K=\K\, 


and  since  |  k|  =  )fc  =  co/c  , 

y  =  kz  = 


/ K<k, 


The  spectrum  can  be  detetmined  if  the  z  component  of  the  ve¬ 
locity  is  known  on  the  aperture  plane: 


^  J  (R)exp(-*’  R)l^d  R. 


(15) 


In  our  case,  =  1  on  the  surface  of  the  disk,  and 


(11) 


^“(k)  =  f  exp(  -zK-  R)l^dR 
2nJr<a 


=  (Aa)' 


Jl(Ka) 

Ka 


(16a) 


(16b) 


Here  Jn  is  cylindrical  Bessel  function.  Substitution  of  Eq. 
(16b)  into  Eq.  (9)gives  Airy’s  famous  far-field  formula  (Ref.  26, 
pp.  395-398). 

The  coefficients  in  Eq.  (10)  can  be  found  using  the  or- 
thonotmality  of  the  spherical  harmonics: 


u^Jo“(k)y„o(k)dL 

[zik=r  d(l)j^sir 
J  Jq  Jq 


(17) 


sin  6zi6 


From  Eqs.  (16a)  and  (17), 

z/R^^ynO(k)exp(-zk  R)zik 

=2f  u^,^iR)l^dR 
jR<a 

=4nfuli^{R)k^RdR. 

Jo 

We  have  used  the  spectral  representation' 
Hwn(r)=^^ynm(k)exp(ikr)dk. 


(18) 


(19) 


Because 


u^*i.o  (R)=0, 

we  can  write  Eq.  (18)  as 

o5n=/ 47i(4n+ 1)(  1  -aSn )  , 
u5n+i=0, 

with 


(20a) 

(20b) 


eo  oo 


dy,  R»  jcx  +  yy,  R  ■  I  RJ . 
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xj2n{x)dx. 


(21)  P^n^l  =  . 


(26) 


Equations  (10),  (20),  and  (21)  can  also  be  obtained  by  integrat¬ 
ing  a  well-known  spherical-wave  expansion  of  Jo(Ka)  [Ref.  28, 
Eq.(  10.1.48)  ]. 

Using  recursion  formulas  for  the  spherical  Bessel  functions. 


we  can  easily  show  that 

ai}^=cos(lca)=lcaj-\ika) , 

(22a) 

(22b) 

These  formulas  are  useful  for  recursive  calculation  of  the 
multipole  coefficients.  Equations  (22)  lead  directly  to  the 
closed-form  expression  Eq.  (12).  We  can  also  show  that 


From  Eqs.  (22)  and  (26),  we  have 

(2n)!! 

These  formulas  are  useful  for  recursive  calculation  of  the  multi¬ 
pole  coefficients.  Equations  (27)  lead  directly  to  the  closed- 
form  expression  Eq.  ( 1 3).  We  can  also  show  that 

l-py,/H  =  £  -^^~-^(4p^l)/2M(Aa) .  (28) 


p=n+l 


(23) 


Since  approaches  1,  Eq.  (23)  is  preferable  to  Eq.  (12)  for 
calculating  1  -a^'n  for  large  n. 

In  a  1930  paper,®  Backhaus  obtained  the  result  (in  our  nota¬ 
tion) 


ay>2-'’£(-)"^»‘ 

M=0 


X 


(2n+2M-l)!! 

M!(n-)j)! 


ika) 


(24) 


This  can  be  shown  (with  some  difficulty)  to  satisfy  Eqs.  (22).  In 
subsequent  papers,  Stenzel  and  Backhaus  essentially  derived 
Eq.  (21)  and  demonstrated  the  equivalence  of  Eq.  (24);  how¬ 
ever,  they  did  not  note  the  recursion  formula  Eq.  (22b). 

The  expansion  (5b)  for  the  z  component  of  the  velocity  field 
can  be  obtained  using  Eqs.  (la)  and  (4b).  We  find  that 


uf«=0 , 


(25a) 


Since  P^n+i  approaches  1,  Eq.(28)  is  preferable  to  Eq.  (13) 
for  calculating  1  -  p^n+i  for  large  n. 

The  method  used  to  determine  the  coefficients  in  Eqs.  (4b) 
and  (5b)  can  be  generalized  for  aperture  velocity  profiles  of  the 

form  U2(R)  =  (jt/?)",n=0, 1,2 . 

Before  leaving  this  discussion  of  exterior  coefficients,  we 
will  write  our  results  in  a  form  more  suitable  for  comparison 
with  the  interior  coefficient  results  of  Sec.  4.  We  define  spheri¬ 
cal-wave  operators  as  follows: 


ik 


(29) 


‘^mn  is  an  nth  order  differential  operator  involving  the  spatial 
derivatives  dx,  dy,  and  dx.  In  particular. 


Pn(n). 


(30) 


That  is,  in  the  Legendre  polynomial  Pn  (cos  0),  we  replace 
cos  0  =  z  /r  by  the  operator  q.  In  the  following  discussion,  we 
will  use  the  facts 


,  'Twh  exp(ik- r)  =  fn/ii  (k)exp(/k' r) ,  (31a) 

=/4n(4n+3)(  1  - p^^ i ) ,  (25b) 

''^mnjcikr)=u\un{T) ,  (31b) 


where 
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\kr)-Unm{T)  .  (31c) 

These  and  other  properties  of  the  spherical-wave  operators  are 
discussed  more  fully  in  Ref.  27. 

Now  let  us  generalize  Eq.  ( 18)  by  making  Un  a  function  o/z: 

u^(z)=4n  f  dR,  r=z2+R  ,  (32) 

•'0 

with  the  understanding  that  u^=On(0).  Applying  Eqs.  (31 ), 
we  have 

u^(z)=4n|^  R  dR 

Jo 

Jo  kr 

=  471<T^  [cos(fc:)-  cos(hl )]  .  (33) 

The  integral  may  be  preformed  by  changing  the  variable  of 
integration  from  R  tor  and  noting  that  RdR  =  r  dr.  Similarly, 
we  can  define 

o^(z)=47itiT>„0  [cos(fe)-cos(^/  Z^+fl^)] ,  (34) 


Our  derivation  of  Eqs.  (38)  and  (39)  uses  the  fact  that 

(-)'”4n[^P„ -m  irl'p^fO)  =  Jy;JL(k)ywM(k>fk=  6„v6mM  ,  (40) 

which  is  based  on  Eqs.  (19)  and  (3  la).  Thus  spherical-wave  op¬ 
erators  can  be  used  to  determine  multipole  coefficients  if  the 
field  and  all  of  its  derivatives  are  known  at  a  point  in  space.  Be¬ 
cause  of  the  axial  symmetry  of  the  piston  problem,  it  is  neces¬ 
sary  to  know  only  derivatives  along  the  z  axis,  and  these  may  be 
calculated  from  Eq.  (35).  The  first  term  in  Eq.  (35)  evidently 
gives  the  plane-wave  part  of  Eq.  (4a);  the  second  term  gives  the 
edge-wave  contribution.  Applying  Eq.  (40)  to  Eqs.  (4a)  and 
(5a),  we  have 


where  Un^=u“(0).  The  bracketed  quantity  in  Eqs.  (33)  and  (34) 

is  the  real  part  of  the  familiar  expression  for  pressure  on  the  z 

■  30 
axis: 

p(zz)=exp(i^)  I  z| )  -exp(i/n/z^+7^ ) .  (35) 

Equations  (33)  and  (34)  can  be  put  in  the  fonn  of  Eqs.  (20) 
and  (25)  using  Eqs.  (30)  and  (31a)  and  the  definitions 

aj,*  \z)=  Pn(  n  )cos{k  VzW) ,  (36) 

pj.'\z)=  n^r.(n)cos(/:  /?^) ,  (37) 

with  a‘„‘  '=  ai,'  \0)  and  pi,'  '=  pi.'  \0) . 

4.  FORMULAS  FOR  THE  INTERIOR  REGION 
COEFnCLENTS 

In  this  section  we  will  obtain  fonnulas  for  the  interior  coeffi¬ 
cients: 


o|,(z)  =  4n‘l>noexp(ilr/?+7^ ) ,  (41) 

Un(z)  =  4nr|'Tnoexp(i^/ z'^+  a^) ,  (42) 

a^n\z)  =  Pn  (n)  expfifcV  z^+  a^) ,  (43) 

pli’\z)  =  n ( n )  exp( ihfz'^+  a^) ,  (44) 


where  vl,  =  v|,  (0),  and  so  on.  A  comparison  of  Eqs  (43)  and 
(44)  with  Eqs.  (36)  and  (37)  confirms  the  fact  that  Eqs.  (12)  and 
(13)  are  the  real  parts  of  Eqs.  (38)  and  (39). 

First,  we  evaluate  the  operator  expression  Eq.  (44): 


pli’Vz)  =  Pn  (n)  ita/il/W a^) . 

(45) 

Now 

P„(t])ikz  -  ikzPnin)  =  Pn{n), 

(46) 

n 

/*2«(n)  =  5^  (4p-  i)P2M-i(n), 

(47) 

I 
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Pin*  i(n)  =  (4m+  1)  /’2p(n) 

p-O 


a  necessary  condition  for  the  continuity  of  pressure  and  velocity 
(48)  is 


In  addition,  from  Eq.  (31c), 


PM)fUhk^z^a^)  =  y  u%u^aK).  (49) 


Equations  (46)-(49)  can  be  used  to  evaluate  Eq.  (45)  for  arbi¬ 
trary  z.  Wlvsn  Z  =  (0),  +  1  is  given  by  Eq.  (39)  arvl  P^n^  =  0  . 

Next,  we  evaluate  the  operator  expression  Eq.  (43).  The  rela¬ 
tion 


sin(A:  1 2| )  =  £  (-  )''(4v  +  1)  {kr)  P2v  (r  •  z) ,  (53a) 

v=0 

-  sgn(z)cos(fa:) 


=  5^(-)''(4v+3) 

v=0 


X  ^2v*l(kr)P2v*l{T  ■  z) , 


2nag\z)  -  (4n  -  1)P^^„^-  i(z)  +  (2n  -  l)a.9J- 2(z)  =  0  (50) 

follows  from  Eqs.  (43)  and  (44)  and  a  familiar  recursion  for¬ 
mula  for  Legendre  polynomials.  With  Eq.  (50)  and  the  starting 
value 


oti?’(z)  =  exp(ik'/ ) , 

(51) 

the  can  be  calculated  from  the  known  prP* . 

When  z  =  0,  it 

is  not  difficult  to  show  that 

(52a) 

a^n+t  =  0 . 

(52b) 

Equations  (39)  and  (52a)  lead  directly  to  Eq.  (38). 

The  method  used  to  determine  the  coefficients  in  Eqs.  (4a) 
and  (5a)  can  be  generaUzed  for  aperture  velocity  profiles  of  the 

fotm  uj  (R)  =  mf  ,  n  =  0,2,4,...  .' 

In  his  classic  1934  paper,  King^*  stated  that  he  had  been  able 
to  reproduce  Backhaus's  formulas  by  a  procedure  which  also 
enabled  him  to  calculate  the  coefficients  of  the  interior  expan¬ 
sion;  however,  he  neither  elaborated  on  his  methodology  nor 
gave  his  results.  Instead,  he  claimed  that  the  spherical-wave 
representation  was  invalid  because  pressure  and  velocity  could 
not  be  continuous  at  r  =  a.  From  the  viewpoint  of  the  disk  prob¬ 
lem,  King’s  objection  is  flawed  because  he  did  not  account  for 
the  source  tetm  [see  Eqs.  (7)  ], 

Nevertheless,  since  the  coefficients  of  Eqs.  (4)  and  (5)  were 
obtained  by  ensuring  a  match  with  the  known  fields  on  the  z 
axis,  it  is  appropriate  to  check  the  behavior  at  r  =  a.  We  find  that 


^o(x)  =  -  j(cos  x-1) , 


?i(jc)  =  “  X- 1)  -  -  sin  X, 


^„(x)=  ^^„-i(x)-^„-2(x) 


X  n-1 


jn  (x)  +  i^n  (X)  =  J  "  f  Pn  (cos  0) 

•'O 

X  exp  {Lx  cos  6)  sin  6  ci6  , 

^„{kz)=  r'’P/,(n)^o(fe)- 

In  obtaining  Eqs.  (53)  we  have  used  the  spherical-wave  expan¬ 
sion  for  exp(i  k-  r)  [  Ref.  22,  fcq.  (  16. 127)]  [which  can  be  de¬ 
rived  easily  with  Eqs.  (31a)  and  (40)].  It  is  an  interesting  exer¬ 
cise  to  verify  that  the  series  of  Eqs.  (53a)  and  (53b)  are  fomial 
solutions  of  Eqs.  (7a)  and  (7b). 

The  coefficients  in  Eqs.  (53)  can  also  be  obtained  directly  by 
exploiting  the  orthonormality  of  spherical  harmonics.  Accord¬ 
ing  to  Hobson  (Ref.  32,  p.  345),  these  are  valid  representations. 
Equation  (53a)  converges  uniformly  with  respect  to  r  and  Eq. 
(53b)  converges  unifonnly  with  respect  to  r  in  any  closed  inter 
val  that  excludes  0  =  n/2.  It  can  be  shown  that 
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K2n  (xX  - 


?2n^l  {X)„  -^ 


X  (2n-l)!! 

(2n-l)(2n  +  2)  (2«)!! 

1  (2w-l)!! 

(2«  +  2)  (2n)\\  ' 


Imp(r)  =  (4v  +  4)  ( 1  - 

v=0 


X  yi'^kr)  Piv  (r-  z),  r>a. 


(57b) 


and  so  Eqs.  (53)  converge  slowly. 

2Q 

Stenzel  obtained  a  solution  for  r  <  a  by  dividing  the  disk 
into  a  smaller  disk  with  radius  r  and  a  ring  with  inner  radius  r 
and  outer  radius  a.  In  our  notation, 


p{T)  = 


gloWk^RdR 


(54) 


Tins  also  follows  from  Eq.  (4a)  if  sin  (^  |  z| )  is  replaced  by  the 
series  in  Eq.  (53a).  Because  of  slow  convergence,  Eq.  (54)  is  of 
limited  computational  usefulness;  however,  Stenzel  did  give 
numerical  results  which  are  valuable  for  comparison.^^'^^ 

Poor  convergence  of  Eqs.  (4)  and  (5)  for  r  ~  a  can  be  over¬ 
come  by  expanding  the  fields  about  a  point,  say,  zqz,  other  than 
the  origin.  We  have  actually  provided  the  machinery  to  accom¬ 
plish  this  efficiently.  For  example. 


[See  also  Eqs.  (Al)  and  (A2).]  Here  , 
hn\x)  =jnix)  +  iyn  (jr) , 


As  discussed  in  the  Appendix,  we  use  the  average  of  Eqs. 
(57a)  and  (57b)  to  improve  convergence  when  r  =  a. 

Algorithms  for  computing  Legendre  polynomials  and  spher¬ 
ical  Bessel  functions  based  on  three-term  recursion  relations  are 
well  known  and  extremely  efficient,^  requiring  no  further  dis¬ 
cussion  here. 

The  a^n  may  be  calculated  by  applying  Eq.  (38)  recursively 
for  successively  larger  n  values.  It  is  best  to  compute  1  -  a^n 
using  Eq.  (23)  beginning  with  some  large  value  of  n.  [The  temis 
in  Eq.  (23)  decrease  rapidly  when  2n  >  ka.]  Then  Eq.(22b) 
may  be  used  to  compute  1  -  a^n  for  successively  smaller  n 
values.  Correct  detennination  of  the  coefficients  may  be  veri¬ 
fied  with  the  sums 


p(r)  =  c\}p(ik  I  Z| )  -  u'v  (zo)  will*  (r  -  zoz) . 

v=0 


(55)  (4v  +  1 )  ( 1  -  a^'v^)  =  ^kaf  , 

v=0 


If  zo  =  a,  then  Eq.  (55)  will  converge  unifonnly  when 
1  r  -  fizi  <  ■/To. 


5^(4v+  1)(1  -a^'Jf  =  ^ka)^ 

V=0  V 


1  "I 

--Jl{2ka) 
a 


(58) 


(59) 


5.  NUMERICAL  RESULTS 

For  numerical  evaluation,  it  is  convenient  to  divide  the  pres¬ 
sure  expansion  Eq.  (4)  into  real  and  imaginary  parts: 

oo 

Re  p  (r)  =  -  )"  (4v  +  1 )  ( 1  -  a^'J) ;2v  (At)  Pzv  (r  z) .  (56) 

\'=l) 

lm/i(r)  -  sin(A.  |  z|  )  -  ^  (  )'  (4v  +  1 )  aJii’ 

1=0 


^  (4v  +  1 )  ( 1  -  a^V)  aiV  =  ^  AaHi  (2ka) ,  (60) 

v=0 

where  Hn  is  Struve  function  (Ref  28,  Chap.  12).  Equation  (58) 
follows  on  evaluating  Eqs.  (  10)  and  (  16b)  on  the  z  axis.  Equa¬ 
tions  (59)  and  (60)  are  consequences  of  an  exact  expression  for 
30 

the  complex  power: 

/MR)v  (R)  z  d R 


X  izAkr)  Ply  (r  z),  r<  a. 


(57a) 


2  no 
=  Pufi^  “Y 


1  -  —  [Ji(2Aa)  +  iHi  (2ka) 
ka 


(61) 
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Table  1.  Values  of  1  -  a™  *  and  al,^'  for  selected  «,  far  =  10. 


0 

1.839 

071 

529 

If+OO 

-5.440 

211 

108 

9£-01 

2 

6.620  674 

021 

OE-01 

3.978 

712 

848 

1£-01 

4 

1  007 

656 

045 

iE*oa 

-4,362 

441 

.553 

6£-01 

6 

1.389  455 

813 

IE*00 

2.088 

614 

43() 

K£-01 

8 

7.250 

833 

678 

6E-01 

4.579 

219 

8.39 

6£-01 

10 

2.050 

512 

401 

3£-01 

-1  260 

612 

187 

4£-01 

12 

3.725 

395 

116 

2£-02 

-1.304 

066 

719 

9£>00 

14 

4.774 

284 

322 

9£-03 

-4.589 

471 

290 

4£*00 

16 

4.578 

614 

220 

l£-04 

-2.079 

142 

506 

8£901 

18 

3.423 

292 

507 

8£-05 

-1.408 

637 

535 

0£‘02 

20 

2.056 

703 

8106£-06 

-1.356 

186 

578 

6£t03 

22 

1.016 

370035 

0£07 

■1.730 

097 

926 

2£904 

24 

4.208 

889 

732 

2£-09 

-2.791 

777 

234 

1£*05 

26 

1.482 

969 

446 

0£-10 

-5..527 

330 

387 

4£.06 

28 

4.502 

636 

666 

5£-12 

-1  313 

388 

L369£*08 

30 

1.190 

849 

831 

2£-13 

-3.681 

930 

243 

3£'0‘> 

32 

2.769 

063 

563 

1£-1.5 

-1  201 

003 

919 

8£*11 

34 

5.706  917 

203 

5£-17 

-4..50() 

045 

546 

1£>12 

36 

1.049 

890 

971 

9£-18 

-1.925 

683 

367 

8£*14 

38 

1.734 

966 

197 

3£-20 

-9  295 

163 

839 

9£4l5 

40 

2.589 

876 

394 

2E-22 

-5  030 

657 

908 

1£*17 

42 

3.509 

924 

097 

8£-24 

•3.033 

054 

868 

4£fl9 

44 

4338 

359 

188 

0£-26 

-2  025 

482 

464 

2£»21 

46 

4.910 

880 

224 

8£-28 

-1.490 

513 

391 

4£«23 

48 

5.110 

212 

525 

5£-.30 

-1  203 

067 

410 

7£*25 

-lO 

4.905 

315 

1.50 

5E-32 

-1.060 

637 

778 

2£*27 

100 

4.572 

370070 

5£-91 

-6.928 

278 

505 

5£*84 

500 

6.703 

434 

072 

8£-789 

■7.51  \ 

819 

662 

6£-779 

1000 

1.595 

461 

674 

7£-1873 

-1  991 

413  212. 3£*  1863 

Equation  (59)  results  when  the  radiated  power  [twice  the  real 
part  of  Eq.  (61)]  is  computed  by  integrating  the  intensity  over  a 
sphere  in  the  far-field  region  using  Eqs.  (9)  and  (11).  Equation 
(60)  results  when  the  integral  in  Eq.  (61)  is  evaluated  using  Eqs. 
(4a)  and  (21).  Table  I  is  a  listing  of  1  -  al;*/,*  and  for  ka  =  10 

and  selected  values  of  n.  Note  tliat  1  -  aV,'  decreases  sharply 
when  2n  >  10. 

The  number  of  tenns  needed  to  sum  the  series  of  Eqs  (4)  and 
(5)  is  on  the  order  of  ka.  The  exception  occurs  when  r  =  n, 
where  convergence  becomes  much  poorer.  It  is  difficult  to  give 
a  precise  assessment,  since  behavior  deirends  strotigly  oti  re 
quired  accuracy,  and  so  we  illustrate  by  exatnple.  E((uations 
(57)  (Art  =  10)  were  summed  on  the  ;  axis  from  kz=  0  to  20  at 
0.01  incremetits.  The  number  of  temis  tieeded  to  obtain  relative 
accuracies  of  0.0 1,0.001,  and  0.000 1  was  recorded  with  the  fol 
lowitig  results:  (1)  Tlie  percentage  of  pt)ints  where  ten  or  fewer 
tenns  were  required  was  88%,  74%,  atid  59%  (2)  The  numlvi 


Tabic  2.  NoniiahztxJ  ka  - 

10,  on  Uic  plane  ki 

-  5 

AR 

Real  p 

Imaginary  p 

0.0 

9.994 

605 

730 

8£ 

02 

2.405 

.5tX) 

(X94 

3£ 

02 

0.5 

1.13.3 

588 

520 

6£ 

01 

-l.ibl 

178 

245 

.3£ 

-02 

10 

1.516 

043 

124 

4£ 

01 

-1.5<98 

154 

260 

5£  - 

01 

15 

2.089 

615 

827 

4£ 

01 

-.3.644 

948 

034 

1£- 

01 

2.0 

2.767 

503 

658 

‘9£ 

01 

-6.084 

.343 

885 

0£  - 

01 

2.5 

3.444 

611 

857 

2£ 

01 

-8.579 

648 

807 

1£- 

01 

.3.0 

4  012 

162 

787 

0£ 

01 

■1.080 

617 

<97.3 

4£ 

00 

3.5 

4  372 

807 

718 

1£ 

01 

-1.250 

258 

762 
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of  tenns  required  at  95%  of  the  poitits  w  as  less  than  or  equal  to 
14,  24,  and  39.  (3)  Tlie  largest  number  of  tenns  required  at  any 
one  poiiit  was  24,  86,  and  297.  As  Table  I  shows,  computation 
near  r  =  a  can  tax  standardly  available  dynamic  ranges 

Figures  3-5  show  pressure  (ka  =  10)  at  three  nidii,  kr  b,  10, 
and  20.  Figure  5  also  shows  the  far-field  pattern  [Fq.  ( 10)  nor¬ 
malized  to  2  on  the  c  axis]  for  reference.  Computation  at  r  “  a 
may  Ix'  checked  against  the  exact  result'^' 

l>  (aK)  ”  [  1  -  -/()(2Art)  ]  -  '  H(i(2An) .  (62) 

Figures  6  and  7  give  pressure  on  the  afx'rture  plane  kz.  '  0  and 
on  the  plane  kz  =  5.  These  figures  illustrate,  graphically,  that 
pressure  is  continuous  at  r  ^  a.  (The  slight  roughness  in  the 
curves  IS  a  coicsecjiience  of  plotter  resolution.)  To  allow  closer 
comparison.  Table  II  gives  numerical  data  at  kz  ’  5. 


XO 


Fig.  3.  Real  part  of  the  pressure,  ka  -  10,  kr  -  6,  10,  and  20. 


Finally,  the  mote  complicated  fields  of  a  disk  with  fat  =  50 
are  shown  in  Fig.  8,  where  the  pressure  is  plotted  for  kr  =  30, 50, 
and  100.  Much  larger  disks  can  be  treated  since  computational 
effort  per  field  point  is  a  roughly  linear  function  of  the  piston  ra¬ 
dius. 

6.  SUMMARY 

We  have  developed  a  complete  solution  for  the  acoustic 
fields  of  a  uniformly  excited  circular  disk  (and  for  the  equiva¬ 


l-'ig.  4  Imaginary  part  of  tlic  pressure,  kn  -  10,  kr  -  6,  10,  and  20. 


Fig.  5.  Amplitude  of  the  pressure,  ka  -  10,  kr  -  6,  10,  and  20.  llic  far-ficld 
pattern  ( normalized  to  2  on  the  z  axis)  is  shown  for  reference. 


lent  piston  radiator).  Spherical- wave  expansions  are  given  in 
Eqs.  (4)  and  (5).  Expressions  for  the  multipole  coefficients  are 
given  in  Eqs.  (  12),  (  1 3),  (38)  and  (39).  This  solution  is  suitable 
for  efficient  and  accurate  numerical  computation  throughout 
the  near-field  region.  We  hope  that  our  results  will  be  useful  in 
the  evaluation  of  numerical  and  analytical  techniques  which  are 
applicable  for  a  wider  range  of  geometries. 


kK 


t-'ig.  6.  Pn's.sure,  ka  ”  10,  on  the  a|X'ratim',  plane  kz  -  0  The  vertical  line  at 
I  K  -  10  locates  tltc  jxvint  for  which  r  -  <i. 


81 


7.  ACKNOWLEDGMENT 


The  authots  thank  Douglas  P.  Kremer  of  NIST  for  his  help  in 
preparing  the  figures. 

APPENDIX.  VALIDITY  OF  THE 
SPHERICAL-WAVE  EXPANSIONS  AT  r  =  a 

Here,  we  establish  the  validity  of  Eqs.  (4)  and  (5)  when  r=  a. 
We  first  show  that  the  interior  and  exterior  expansions  conveige 
to  the  same  result  at  r  =  a.  Then,  we  show  that  p  and  are  con¬ 
tinuous  r-  a. 

For  the  purpose  of  the  discussion,  it  is  convenient  to  divide 
the  velocity  expansion  Eqs.  (S)  into  real  imaginary  parts: 


Reuz  (r)  =  sgn(2)cos(fe)  + 

v=0 


_  A  A 

X  Vvikr)  Piv+iir  •  z),  r<a  , 


(Ala) 


Hg.  7.  Pressure,  lui  -  10,  on  the  plane  kz  -  5.  The  vertical  line  at 
iU?='/75  =8.660  locates  the  point  for  which  r-  a. 


Reoz  (r)  =  £  (  -  /  Ux  (kr)  P2v*i  (r  •  z),  r>  a, 
v=0 


Imoz(r)=  5^(-)''(4v  +  3)(1 

v=0 

Xj2v*i(,kr)P2v*i(r  ' z). 


-  sgn(z)  cos(fe)  =£(-)'' 
v=0 


X[uv(/a2)+ oJ(fai))F2v+l{rz)-  (A3) 

A 

Thus  Re  Uz  (ar),  from  either  Eq.  (Ala)  or  (Alb),  equals  the 
average 

ReUz(ar)=  i  sgn(z)cos(fe) 


where 

vl(kr)  =  (4v  +  3)  P^Xij2v*i(kr) , 
vt{kr)  =  {4v  +  3)  (1  -  P^v+i)y2v+i  (kr) , 

P^i+l  =  P^v+l  +  I'P^^l  ■ 

The  expansion  for  the  imaginary  part  of  Uz  Eq.  (A2)  is  uni¬ 
formly  convergent  with  respect  to  r  (Ref  23,  theorem  1 3)  and  is 
continuous  at  r  =  a  since  the  spherical  waves  are  continuous 
(Ref  35,  theorem  13-8). 

ConvergetKe  of  the  expansions  Eqs.  (Al)  for  the  real  part  of 
Uz  can  be  demonstrated  as  follows:  From  Eq.  (53b)  we  have 
that,  for  z  =  a  cos  0, 


l-ig  8  Amplit\i(le  ol  the  prcs.suir.  hi  -  .SO,  kr  -  .SO,  SO,  anil  100 
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oo 


0  =  Ji/2,  we  see  that 


■^v^O 


X  P2v*i  (r  •  z), 


(A4) 


provided  that  Eq.  (A4)  is  convetgent.  With  the  aid  of  Eqs.  (28) 
and  (39),  it  can  be  shown  that 


Vn(ka)  -  l)n(faj)  = 


(2/1-  1)!! 
(2/1)!! 


lim  oz  (ar)  =  1  /2,  (A9) 

e-(ii/2)' 

as  expected.** 

The  validity  of  Eqs.  (5)  at  r  =  a  can  also  be  established  using 
the  approach  of  this  appendix.  The  expansions  conveige  abso¬ 
lutely  and  uniformly. 
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DUAL-SERIES  SOLUTION  TO  SCATTERING  FROM  A  CHANNEL  IN  A 

GROUND  PLANE 


M.K.  I  lindf rs  aiKi  A.D.  Yaglijiaii,  Blectroiiiagiiclics  A  Rdiabilily  Directorate,  Rcaiic  liiboratory 
Published  in  IEEE  Microwave  and  Guided  Wave  Letters.  Vol.  1.  No.  9,  September  1991  (IEEE  Log  Number  9102354) 


Absiriicl  -  Exact  (htal-series  eigenfunction  solutiotL's,  and  simple  closed- form 
low-frequency  asymptotic  approxinuttions  are  determined  for  the  problems  of 
TM  and  TE  scattering  from  a  semicircular  channel  in  a  perfectly  comiucling 
ground  plane.  The  eigenfunction  solutions  provide  benchmarks  for  channel 
scattering,  and  the  low-frequency  solutions  can  be  used  to  determine  directly 
incremental  length  diffraction  coefficients  for  narrow  channels. 

ALTHOUGH  the  scattering  of  plane  waves  from  semicircu¬ 
lar  protuberances  [1]  and  slits  [2]  have  long  been  solved  ex¬ 
actly,  neither  an  exact  eigenfunction  solution  nor  a  closed-form 
low-frequency  solution  exists,  as  far  as  we  are  aware,  to  the 
problem  of  scattering  from  a  channel  in  a  ground  plane.  We  thus 
present  in  this  letter  dual-series  eigenfunction  solutions,  and 
their  low-frequency  asymptotic  approximations  in  closed  fonn, 
to  the  2-D  problems  of  TM  and  TE  scattering  by  a  semicircular 
channel  in  a  ground  plane  [3].  (A  series  representation  for  the 
low-frequency  TM  solution  was  found  previously  by  Sachdeva 
and  Hurd  [4].)  As  shown  in  Fig.  1,  a  normally  incident  plane 
wave  makes  an  angle  <J)  with  the  positive  x  axis,  the  channel 
along  the  ;  axis  is  of  radius  r  =  a,  and  the  direction  of  scattering 
is  given  by  the  angle  <{)  with  the  x  axis.  Hannonic  time  depen¬ 
dence  of  the  fonn  is  assiuned  throughout. 

For  the  incident  TM  plane  wave,  the  j-component  of  the  elec¬ 
tric  field  can  be  expanded  in  cylindrical  waves  as  [5] 

oo 

;i  =  -oo 

Tlie  scattered  field  for  r  >  a  may  be  expressed  as  the  siun  of 
two  parts,  the  reflected  TM  plane  wave  given  by 

oo 

,j  =  -oo 

and  the  "diffracted"  field  expanded  with  Hankcl  functions  as 
sin  (/4)  {r>al  (3) 

/i=i 

where  the  A,,  are  the  uirknown  modal  coefficients.  The  dif¬ 
fracted  field  vanislies  on  the  ground  plane  so  that  the  total  field 
for  r  >  n  also  vanishes  there. 


Fig.  1.  Gcomeliy  of  semicircular  cliaiuicl  in  [vrfcclly  coiuliicling  groiuul 
plane. 

In  the  interior  region  (r  <  a)  the  electric  field  can  be  expanded 
with  Bessel  functions  as 

OO 

£z"  =  Y,  Mkr)  [  Bn  cos  (ncj))  -  C,i  sin  (/icj))  ] 

n=0 

(Co  =  0)  (r<  a),  (4) 

where  Bn  and  Cn  are  two  more  sets  of  modal  coefficients  which, 
along  withAn,  will  be  determined  from  the  boundary  conditions 
at  r  =  a.  From  Maxwell’s  equations  we  write  the  (Ji-component 
of  the  magnetic  field  as  //()>  =  (  1  //a)p)drFj ,  so  that  the  bound¬ 
ary  conditions  at  r  =  o  of  zero  tangential  electric  field  on  the 
channel  (n  <  (j>  <  2  n)  and  continuous  fields  across  the  aperture 
circular  ( 0  <  ((>  <  n  )  become 

QO  OO 

Y  B,r/n  (ka)  cos  (n4))+^  C,s/„  (ka)  sin  (nt^)  =  0(7;  <  ()>  <  2/i), 

n=0  11=  1 

OO  oo 
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ri=0  (1=  I 

OO 

=  ^  [M''Jn  (ka)  sin  (wt))  +  A/i/Z/f’  (ka)  ]  sin  (/itj)) 

/i=i 

(  0  <  (J)  <  n  ), 

oo  oo 

Y  BtrJ'n  (ka)cos  (n<^)+  Y  n  (ka)  sin  (ntp) 

n=0  ;i=l 

OO 

=  Y  [47"-/'h  (ka)  sin  (ui))  (ka)  ]  sin  (ntp) 

n=l 

(  0  <  4)  <  n  ).  (5) 
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By  making  a  simple  change  of  variables  -  n  in  the  first 
equation,  each  equation  in  (5)  can  be  written  in  the  form 

oo  eo 

(faj)  cos  (M(t))  =  (ka)  sin  {n<^) 

n=0  n=l 

(0  <  ({)  <  ix).  (6) 

Partial  orthogonality  of  the  sinusoids  over  0  to  ti  gives  the  fol¬ 
lowing  relations  between  /ni(ka)  and  gn(ka) 
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Tiiese  relations  can  then  be  used  to  derive  the  following  two 
equations 
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The  first  can  be  solved  numerically  to  give  the  Bn  and  these  can 
be  inserted  in  the  second  to  give  Ai.  This  constitutes  an 
eigenfunction  solution  of  our  TM  problem. 

For  narrow  channels  (small  ka)  we  can  employ  the  small  ar¬ 
gument  approximations  for  the  cylinder  functions  to  write  (8)  as 
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Solving  (9)  numerically,  we  then  find  the  following  closed- 
form  expression  for  TM  scattered  from  a  small  semicircular 
channel 

-ikr 

r-~0.185/2rr  (kaf  e'  ^  sin  ({>  sin  ({) 

(faj  small),  (1*^) 

which  has  the  same  functional  form  as  that  for  TM  scattering 
from  a  narrow  slit  in  a  conducting  plane  [2],  [6].  In  the  expres¬ 
sion  ( 10)  we  have  found  the  contant  0. 1 85  by  a  single  numerical 
matrix  inversion  since  (9)  shows  that  for  narrow  channels  the 
Aa-dependence  is  removed  from  the  matrix,  and  orJy  the  coef¬ 
ficient  >4i  is  needed  to  determine  the  diffracted  fields. 

The  transverse  electric  case  can  be  solved  in  a  similar  fashion 
by  expressing  z-components  of  the  incident,  reflected,  and  dif¬ 
fracted  //-fields  as 
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/I=0 


and  the  magnetic  field  in  the  interior  region  as 


//f'  =  ^yn(A:r)j’  B'n  cos  (nif))  +  C',,  sin  (n(}))j , 

(C'o  =  0)  (r<a),  (12) 

where  A'n,  B'n  and  C'„  are  the  unknown  modal  coefficients  to 
be  determined  from  the  boundary  conditions.  Proceeding  as  in 
the  TM  case,  we  find 
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The  first  of  (13)  allows  us  to  solve  for  the  C'n,  which  can  then 
be  substituted  into  the  others  to  get  A'l- 
For  small  far  ( 1 3)  can  be  shown  to  reduce  to 
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(14) 


from  which  is  found  the  closed-form  expression  of  the  dif¬ 
fracted  magnetic  field  for  TE  scattering  from  a  narrow  semicir¬ 
cular  channel 


Fig  2  IJatk-scaller  widtli  /  X  vs  scalier  angle,  a  /  X  -  0  1 eigenfiuiclion, 
-  -  monienl  mellKKl,  -  •  ■  low  frequency 


Fig.  3.  Backscaller  widlti  /  X  vs.  scalier  angle,  a  /  X  -  2  :  — eigcnfunclion, 
•  -  momcnl  method. 


2  4 


In  {ka)  -  0.185  cosiji  cosiJ>  ^ 


(15) 


The  leading  term  in  (15)  differs  from  the  l/ln(fai)  dependence 
of  the  leading  term  for  TE  scattering  from  a  thin  slit  in  a  con¬ 
ducting  plane  [2],  [6].  Note  that  we  have  once  again  found  the 
numerical  constant  0.185  via  a  single  numerical  matrix  inver 
sion,  since  ( 14)  shows  that  the  faj-dependence  is  removed  from 
the  matrix  for  narrow  channels. 

It  has  been  shown  recently  [7]  that  the  constants  multiplying 
the  TM  magnetic  dipole  field  in  (10)  and  the  TE  electric  dipole 
field  in  (15),  are  the  same  not  just  for  the  semici.cular  channel 
(where  they  are  equal  to  0. 185)  but  for  any  cylindrical  channel 
or  ridge  in  a  ground  plane.  Also  the  leading  term  in  the  TE  low- 
frequency  diffracted  far  magnetic  field  is  always  given  by 

-  i(kr  +  71/4) 

7F  ’ 

where  A  is  the  area  of  the  channel  or  ridge  [7).  Since  the  small- 
channel  results  show  the  k-depetxlence  explicitly,  they  can  be 
generalized  immediately  to  obliquely  incident  plane  waves, 
and  be  used  to  determine  incremental  length  diffraction  coeffi¬ 
cients  [6]. 

Plots  of  the  backscattering  width  versus  angle  computed 
from  the  TM  and  TE  eigenfrmetion  solutions,  (8)  and  ( 13),  as 
well  as  from  a  numerical  moment-method  integral  equation  so¬ 
lution  [9],  are  shown  in  Figs.  2  arxl  3.  The  low-frequeiKy  ap 
proximations,  (10)  and  (15)  are  also  plotted  in  Fig.  2  The 
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I’ig.  4.  Total  scattering  width  /  X  vs.  <t>“^  '  90“  ,  — eigenfunction, 

-  -  low  frequency. 

eigenfunction  and  moment-method  solutions  agreed  well  at  all 
computed  angles  and  frequencies.  The  low-frequency  solutions 
are  a  good  approximation  to  the  exact  eigenfunction  solutions 
for  a /A.  smaller  than  about  0.  1. 

Fig.  4  shows  the  total  scattering  width  versus  ka  in  the  TM 
and  TE  cases  computed  from  the  eigenfunction  solutions  and 
the  low-frequency  approximations.  The  clearly  defined  reso¬ 
nances  displayed  in  Fig,  4  are  not  present  in  the  total  scattering 
width  of  the  slit  or  the  semicircular  ridge  on  a  ground  plane. 
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Rapid  advances  in  the  speed  and  integration  of  electronic  de¬ 
vices  and  associated  reliability  concerns  have  resulted  in  an  in¬ 
creasing  demand  for  new  and  improved  manufacturing  pro¬ 
cesses  and  materials.  High-perfonnance  interconnect  materials 
are  especially  needed  at  the  submicron  device  level.  Copper  is 
an  excellent  interconnect  material  because  of  its  veiy  low  resis¬ 
tivity,  high  resistance  to  electromigration,  and  low  cost  (Jensen 
et  al.,  1984).  However,  aluminum  has  remained  the  intercon¬ 
nect  material  of  choice  at  the  device  level  until  recently  because 
of  process  difficulties  associated  with  deposition  and  subse¬ 
quent  patterning  of  copper  films  (Saxena  and  Pramanik,  1990). 

Sputtering  (Susa  et  al.,  1985),  thermal  (resistance-heated) 
evaporation  (Osaka  et  al.,  1985),  electron-beam  evaporation 
(Bunshah  and  Deshpandey,  1988),  chemical  vapor  deposition 
(CVD)  (Sherman,  1987),  laser-induced  chemical  vapor  deposi¬ 
tion  (LCVD)  (Bauerle,  1984),  and  laser-induced  evaporation 
(Cheung  and  Sankur,  1988)  are  widely  used  for  the  deposition 
of  films  of  pure  elements  as  well  as  compound  materiak  and 
superlattices.  Thin  film  deposition  by  sputtering  or  evaporation 
requires  high  vacuum  (typically  <  1.3  x  10"^  Pa)  and  selective 
deposition  is  not  possible  with  these  techniques.  CVD  with  or- 
ganometallic  precursors  having  high  vapor  pressure  is  carried 
out  at  temperatures  exceeding  the  decomposition  temperature 
of  the  precursor  (typically  >  300°C).  Since  copper-containing 
precursors  with  high  vapor  pressures  are  few  in  number,  prog¬ 
ress  in  depositing  thin  copper  films  with  this  technique  has  been 
slow.  Only  recently,  CVD  studies  on  Cu  have  been  carried  out 
using  copper  (II)  hexafluoroacetylacetonate  [Cu(II)  (hfac)2] 
(Temple  and  Riesman  (1989);  Kaloyeros  et  al.,  1990). 

A  number  of  studies  have  been  conducted  on  laser-induced 
deposition  of  copper  using  both  pulsed  aind  continuous-wave 
lasers.  Thin  copper  lines  as  well  as  films  have  been  deposited 
from  a  paste  of  copper  formate  and  glycerol  using  an  excimer 
laser  (Ritz  et  al.,  1987),  from  copper  formate  fibns  on  silica  and 
glass  using  an  Ar*  laser  (Gupta  and  lagannathan,  1987),  and 
from  copper  acetate  using  an  Nd:YAG  laser  (Harish  et  al., 
1988).  Conducting  films  and  lines  have  also  been  obtained  by 
decomposing  CU(II)  (hfac)2  photothennally  in  the  gas  phase 
(Houle  et  al.,  1985;  Markwalder  et  al.,  1989).  However,  the 
films  were  heavily  contaminated  with  carbon.  Similarly,  films 
produced  by  RF  plasma  reduction  of  copper  formate  were  rich 
in  copper  only  at  the  surface;  the  bulk  of  the  film  was  contami¬ 
nated  with  carbon  (Padiyath  et  al.,  1990). 


In  the  present  study,  a  new  technique  for  deposition  of  thin 
copper  films  was  investigated.  Copper  was  deposited  by  reac¬ 
tive  ablation  of  copper  formate  using  a  partially  focused  exci¬ 
mer  (KrF,  A.  =  248  nm)  laser  beam  in  a  flowing  hydrogen  gas  or 
a  hydrogen  plasma  ambient.  Copper  was  deposited  on  a  sub¬ 
strate  located  in  close  proximity  to  the  target  copper  fonnate.  A 
key  feature  of  this  laser  deposition  process  is  the  laser-induced 
decomposition  of  target  material,  followed  by  evapora¬ 
tion/sputtering  of  the  products  and  reaction  in  the  gas  phase.  In 
contrast  to  the  conventional  laser  evaporation  technique 
(Cheung  and  Sankur,  1 988),  organometallic  compound,  instead 
of  pure  copjjer  target,  was  used  to  obtain  the  copper  deposit. 
Furthermore,  a  much  smaller  fluence  was  adequate  (the  laser 
focus  spot  on  the  target  was  about  20  mm  )  to  deposit  copper 
starting  from  copper  formate.  The  laser  dejxsition  technique 
described  here  is  somewhat  similar  to  the  activated  reactive 
evaporation  (ARE)  method  (Bunshah  and  Raghuram,  1972) 
and  reactive  sputterings  (RS)  method  (Al-Jaroudi  et  al.,  1989), 
with  a  key  difference  that  a  hydrogen  ambient  was  necessary  to 
reduce  the  oxygen  content  in  the  deposited  coppjer  film  and  to 
improve  its  purity. 

1.  EXPERIMENTAL  SYSTEM  AND 
METHODS 

An  excimer  laser  (Lambda  Physik  model  EMG  101)  operat¬ 
ing  at  248  nm  (krypton-fluorine  gas  mixture)  was  used  in  the 
deposition  studies.  The  laser  was  operated  at  a  repetition  rate  of 
10  Hz  with  an  average-pulse  energy  of  300  mJ,  measured  with 
a  Gentec  joulemeter.  The  beam  was  focused  to  a  20mm  area  on 
the  copper  formate  target  using  a  fused  silica  biconvex  lens  (f  = 
150  mm).  The  laser  beam  entered  a  parallel  plate  plasma  reactor 
(PlasmaTherm  model  730)  through  a  fused  silica  window.  Tire 
arrangement  k  shown  in  Figure  1 .  RF  power  was  sup'^lied  to 
the  chamber  through  the  upp)er  electrode  (0.28  m  dia.),  which 
was  cooled  by  a  water/ethylene  glycol  coolant  mixture  circu¬ 
lated  from  a  heat  exchanger.  Heating  of  substrates  placed  on  the 
lower,  grounded  electrode  was  achieved  by  a  resistance  heater 
and  controller. 

The  copper  formate  target  was  placed  at  an  angle  of  45°  to  the 
incident  beam.  The  substrate  to  be  coated  with  coppjer  film  was 
placed  making  a  small  angle  (20-40°)  with  the  target,  as  sho\«i 
in  Figure  1 .  The  reducing  atmosphere  of  a  hydrogen  plasma  or 
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Fig.  1 .  Experimental  arrangement  for  laser-induced  deposition  process. 


Fig.  2. 


X-ray  diffraction  pattern  of  a  copper  film  deposited  by  excimer  laser 
rcductioa 


a  hydrogen  gas  was  maintained  during  the  deposition.  The  dis¬ 
charge  was  sustained  by  600  W  RF  power  and  a  hydrogen  flow 
rate  in  the  range  35-500  seem  at  2  torr  (266.6  Pa).  The  average 
pulse  energy  of  the  laser  beam  during  the  deposition  process 
was  held  constant  at  300  mJ,  corresponding  to  a  fluence  of  1 .5 
J/cm  on  the  target.  The  deposition  area  on  the  substrate  surface 
under  these  conditions  was  about  3  cm^. 

The  deposited  films  were  heat  treated  in  the  presence  of  a  hy¬ 
drogen  plasma  at  200°C  for  30  min.  The  plasma  was  maintained 
with  200  seem  of  hydrogen  at  a  pressure  of  3  torr  (400  Pa)  and 
600  W  RF  power  in  a  reactor  that  has  been  described  earlier 
(David  et  al.,  1990).  All  the  samples  were  stored  in  a  vacuum 
desiccator  prior  to  any  analysis.  Film  crystallinity  was  deter¬ 
mined  by  an  X-ray  diffractometer  (Siemens  model  D500).  Ele¬ 
mental  analysis  and  depth  profiling  of  the  deposited  film  was 
performed  by  Auger  spectroscopy  (Perkin  Elmer  model  PHI 
600  with  a  differentially  pumped  ion  gun  (04-303]).  Atomic 
concentrations  were  determined  from  peak  areas  using  sensitiv¬ 
ity  factors  provided  with  the  spectrometer  by  the  manufacturer. 
A  beam  voltage  of  3  kV  and  a  beam  current  of  100  iiA  were 
used  in  Auger  electron  spectroscopy  (AES)  measurements 
while  the  ion  gun  was  operated  at  2  kV  and  3  p  A.  Under  these 
conditions,  the  sputter  rate  of  the  copper  films  was  about  9 
nnVmitL  Since  AES  is  incapable  of  detecting  hydrogen,  the  ele¬ 
mental  composition  of  the  films  is  repotted  on  a  "hydrogen-free" 
basis. 

2.  RESULTS  AND  DISCUSSION 

The  copper  films  obtained  by  this  process  displayed  excellent 
deposit  morphology.  The  deposit  thickness  was  found  to  be  in 
the  range  of  0.2  to  0.5  pm.  The  resistivity  of  the  films,  as  mea¬ 
sured  by  a  four-point  probe,  improved  from  18  p£2cm  for  the 
as-deposited  films  to  5  pHcm  after  heat  treatment.  This  value  is 
comparable  to  that  reported  for  copper  films  deposited  by  other 


techniques  (Gupta  and  Jagannathan,  1987;  Temple  and  Ries- 
man,  1989;Harishetal.,  1988)  but  higher  than  the  1.9pQcm  re¬ 
ported  by  Kaloyetos  et  al.  (1990)  when  the  substrate  tempera¬ 
ture  was  in  the  range  of  300-450^. 

The  X-ray  difffactogram  of  a  heat-treated  copper  film  depos¬ 
ited  by  the  laser  reduction  technique,  shown  in  Figure  2,  con¬ 
tains  only  the  peaks  of  copper.  The  peak  intensities  increased 
after  heat  treatment.  AES  depth  profiles  of  as-deposited  and 
heat-treated  copper  films  are  shown  in  Figures  3  and  4,  respec¬ 
tively.  The  as-deposited  films  contained  small  amounts  of  car¬ 
bon  and  oxygen  as  impurities.  Heat  treatment  in  a  hydrogen 
plasma  eliminated  most  of  the  oxygen  from  the  bulk  of  the  film. 
The  reduction  in  the  carbon  content  as  a  result  of  heat  treatment 
was  not  as  appreciable  as  the  reduction  in  oxygen  content.  Post¬ 
heat-treatment  oxidation  was  responsible  for  the  observed  sur¬ 
face  oxygen  content. 

Copper  formate  absorbs  the  248  nm  UV  radiation  of  the  ex¬ 
cimer  laser  strongly  (Ritz  et  al.,  1987),  which  leads  to  dissocia¬ 
tion.  In  the  absence  of  a  hydrogen  atmosphere,  it  is  possible  to 
envision  several  reaction  pathways  for  the  dissociation  of  the 
formate; 


Fig.  3.  AES  depth  profile  of  an  as-deposited  copper  film  deposited  by 
excimer  laser  redixtioa 
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Fig.  4.  AES  depth  profile  of  a  copper  film  deposited  by  excimer  laser 
reduction  and  heat-treated  for  30  min. 


Cu(HCOO)2  +  hv 

-  Cu  +  2  CO2  +  H2 

(1) 

Cu(HCOO)2  +  hv 

CuO  +  C  +  CO2  +  H20 

(2) 

Cu(HCCX))2  +  hv-> 

Cu  +  CO  +  CO2  +  H20 

(3) 

2  Cu(HCOO)2  +  Av  - 

Cu20  +  2  CO2 

+ 

2CO  +  H20  +  H2 

(4) 

Here  hv  represertts  the  248  nm  excimer  laser  photons.  The 
photons  may  initiate  a  photochemical  dissociation  and/or  the 
dissociation  follows  the  heating  of  the  film  by  the  laser.  In  the 
presence  of  hydrogen,  the  reduction  of  the  oxides  of  copper 
formed  during  reactions  2,  4,  or  both  can  occur  in  the  laser 
plume  or  on  the  target  surface  according  to  the  following  reac¬ 
tion; 

CuO,  Cu20  +  H2,  H  -  Cu  +  H2O  (5) 

The  dissociation  of  the  hydrogen  molecules  themselves  is 
perhaps  catalyzed  by  the  metallic  copper  or  its  oxides  in  the 
laser  heated  zone.  The  hydrogen  atoms  for  this  reduction  are 
also  available  from  the  ambient  when  a  hydrogen  discharge  is 
maintained.  Thus,  complete  reduction  of  copper  formate  might 
be  a  two-step  process.  Alternatively,  hydrogen  may  take  part  in 
the  dissociation  of  the  copper  foimate  on  the  surface  of  the  tar¬ 
get  uixler  the  influence  of  excimer  laser  pulses  according  to  the 
following  reactions; 

Cu(HCOO)2  +  H2, 2H  +  Av  -  Cu 

+  C  +  CO2  +  2H2O  (6) 

2  Cu(HCOO)2  +  H2,  2H  +  /tv  -2  Cu 

+  C  +  2  CO2  +  CO  +  3H2O  (7) 


It  is  not  Imown  what  intermediate  reaction  steps,  if  any,  may 
be  involved  in  each  of  the  reactions  1  -7.  Also  it  has  not  been  de¬ 
termined  if  one  or  more  of  these  reactions  dominate.  Analysis  of 
gas  phase  products  by  mass  spectrometry  should  be  helpful  in 
this  connection. 

In  any  case,  it  is  quite  likely  that  during  the  reduction  of  the 
copper  formate,  the  composition  of  the  target  film  changes  to 
mostly  Cu,  CUO,  CU2O,  and  C.  The  large  power  densities  of 
the  pulsed  excimer  laser  beam  lead  to  elevated  surface  temper¬ 
atures  (of  the  order  of  1,000°C)  (Kotecki  and  Herman,  1988), 
resulting  in  the  evaporation  of  a  large  part  of  the  products 
formed  by  reactions  1-7.  While  most  of  the  decomposition 
products  evaporate  to  deposit  on  the  substrate,  an  extremely 
thin  film  of  copper  is  left  behitKl  on  the  target  due  to  product  de¬ 
pletion  to  the  vapor  phase.  The  copjjer  film  remaining  on  the 
target  does  not  conduct  electrically.  Interestingly  enough, 
Houle  et  al.  (1986)  were  able  to  deposit  only  very  thin  (  <  50 
nm)  copper  films  from  Cu  (hfac)2  using  an  excimer 
laser  beam  (A.  •=  248  nm)  incident  perpendicularly  on  a  quartz 
or  silicon  substrate.  However,  they  obtained  much  thicker  (0.05 
to  1 .0  pm)  films  when  an  argon  ion  laser  was  used. 

The  deposition  rates  of  the  various  vapor  phase  species  gen¬ 
erated  by  the  laser  pulse  depend  on  their  rates  of  nucleation, 
which  in  turn  depend  on  supersaturation,  among  other  things. 
Since  the  vapor  pressure  of  carbon  is  much  lower  than  that  of 
copper  and  oxides  of  copper,  evaporation  of  carbon  is  the  least 
probable.  However,  volatilization  of  carbon  can  occur  by  the 
formation  of  high  vaptor  pressure  oxides  of  carbon.  Hydrocar¬ 
bon  species  having  high  vapor  ptessures  may  also  form  if  suffi¬ 
cient  reactive  hydrogen  is  available.  The  plume  generated  by  a 
laser  beam  targeted  on  copper  fotmate  will,  therefore,  comprise 
mostly  Cu,  CuO,  Cu20,  H2O,  CO2,  CO,  CmHn,  and  H  species. 
Of  these,  oxides  of  carbon,  hydrocarbons,  and  water  have  rela¬ 
tively  high  vapor  pressure  and  less  supersaturation.  Conse¬ 
quently,  a  cold  substrate  placed  in  the  laser  plume  will  be  coated 
preferentially  with  copper  and  oxides  of  copper  due  to  their 
higher  supersaturation.  Hence,  films  deposited  by  laser  decom- 
fxjsition  in  the  p>resence  of  hydrogen  should  consist  of  mostly 
Cu  aiid  0.  The  very  small  amount  of  carbon  in  the  films  con¬ 
firms  that  a  significant  amount  of  carbon  is  being  transformed 
into  high  vapor  pressure  oxides  or  hydrocarbons. 

In  order  to  study  the  role  of  the  ambient  during  the  deposi¬ 
tion,  films  were  deposited  in  the  absence  of  the  glow  discharge. 
Since  the  plasma  environment  is  richer  in  highly  reactive  spe 
cies,  the  films  deposited  in  plasma  ambient  were  expected  to 
display  better  quality.  However,  the  films  deposited  with  and 
without  the  plasma  ambient  displayed  almost  identical  compo¬ 
sitions,  indicating  very  little  influence  of  the  plasma  environ- 
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Fig.  5.  AEiS  deplti  profile  of  a  copper  film  deposited  by  excimer  laser 
reduction  in  an  argon  ambient. 


ment  on  the  deposition  process.  Several  plausible  conclusions 
may  be  drawn  based  on  this  observation: 

•  The  residence  time  of  the  evaporated  species  in  the  laser 
plume  [estimated  as  10 s  based  oti  the  measured  veloci¬ 
ties  of  species  ejected  from  polymer  surfaces  by  excimer 
laser  ablation  and  the  spacing  between  the  target  and  tJie 
substrate  (Srinivasan,  1984)]  is  not  sufficient  for  gas  phase 
reactions  to  occur  prior  to  the  condensation  on  the  sub¬ 
strate. 

•  The  nature  of  the  processes  occurring  during  the  laser 
pulse  and  afterward  must  be  such  that  atomic  hydrogen  or 
excited  hydrogen  molecules  are  not  essential  for  them. 

•  The  reactivity  of  the  carbon-containing  species  and  the  ox¬ 
ides  of  copper,  generated  during  the  laser  pulse,  with  mo¬ 
lecular  hydrogen  is  high  enough  to  facilitate  their  conver¬ 
sion  into  high  vapor  pressure  species. 

•  Freshly  formed  oxides  of  copper  (from  reactions  2  and  4) 
are  sufficiently  energetic  to  be  reduced  by  molecular  hy¬ 
drogen  to  atomic  copper  according  to  reaction  5,  account¬ 
ing  for  the  low  oxygen  content  in  the  films  depiosited  in  the 
absence  of  plasma. 

•  The  minimal  impact  of  the  plasma  discharge  on  the  carbon 
concentration  in  the  deposited  films  suggests  that  the  for¬ 
mation  of  oxides  of  carbon,  and  not  hydrocarbon  forma¬ 
tion,  is  the  primary  process  for  the  consumption  of  carbon. 

In-situ  probing  by  optical  emission  spectroscopy  or  laser-in¬ 
duced  fluorescence  should  facilitate  the  identification  of  ex 
reaction  pathways  and  produce  more  evidence  to  suppiort  tln.,.^ 
conclusions. 

To  further  understand  the  role  of  hydrogen  during  the  defxjsi- 
tion  process,  copper  films  were  deposited  in  a  pure  argon  atmo¬ 
sphere  under  conditions  that  were  otherwise  identical  to  those 
with  hydrogen.  The  AES  depth  profile  of  such  a  film  is  shown 
in  Figure  5.  The  resulting  films  contain  similar  amounts  of  car 
bon  but  a  higher  concentration  of  oxygen,  and  have  much  lower 


electrical  conductivity.  The  similar  amounts  of  carbon  in  the 
films  deposited  with  and  without  hydrogen  ambient  supports 
the  argument  that  volatilization  of  carbon  occurs  primarily  due 
to  the  fomiation  of  oxides  of  carbon.  Hydrocarbon  fomiation,  if 
any,  should  be  minimal.  The  crystallographic  orientation  of  the 
fomiate  molecules  in  the  target  film  must  be  such  that  the  hy¬ 
drogen  and  oxygen  necessary  for  the  volatilization  of  carbon 
are  supplied  by  the  dissociating  fomiate  molecules  themselves. 
The  films  deposited  in  the  absence  of  hydrogen  have  a  higher 
concentration  of  oxygen,  since,  in  the  presence  of  argon  the  de- 
comjxisition  of  fonnate  resulting  in  CuO  or  Cu20  is  not  suc¬ 
ceeded  or  accompanied  by  reduction  to  metallic  copper.  Finally, 
the  sputter  time  for  the  film  deposited  in  the  presence  of  argon 
is  much  higiier,  perhapis  because  the  film  is  somewhat  thicker 
and  the  sputter  yield  of  CuO  and  Cu20  is  lower  than  that  of  Cu. 

The  laser  deposition  technique  described  here,  when  com 
bined  with  laser  patterning  (Brannon,  1989)  or  other  fonns  of 
patterning  (Jensen  et  al.,  1984),  should  be  an  efficient  way  to 
create  submicron  copper  patterns  over  large  areas.  Tlie  abilit)  to 
process  uneven  topography  as  well  as  temperature-sensitive 
substrates  is  one  of  the  advantages  of  this  technique.  Further¬ 
more,  this  deposition  method  should  be  more  efficient  than  di¬ 
rect  laser-writing  of  the  pattern,  especially  for  complex  submic¬ 
ron  patterns.  The  minimom  feature  size  for  copper  metallization 
obtained  so  far  by  direct  laser-writing  is  only  about  5  microns. 
Preliminary  experiments  indicate  that  the  laser/plasma  reduc¬ 
tion  technique  can  be  utilized  to  deposit  other  metals,  such  as 
silver  and  titanium,  as  well. 
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Abstract  -  The  Sn  method  for  solving  the  Spencer-Lewis  equation  for  electron 
transport  has  been  extended  to  treat  three-dimensional  multiregion  problems. 
The  flux  continuity  condition,  which  holds  when  the  flux  is  expressed  as  a  func¬ 
tion  of  path  length  for  single  material  region  problems,  is  generalized for  mul¬ 
tiregion  problems  by  reexpressing  the  flux  as  a  fmetion  of  energy.  Expressing 
the  fluxes  in  terms  of  fixed  energy  iru:remenls,  independent  of  material,  rather 
than  fixed  path  length  increments,  results  in  a  set  of  Si/diamond-dijference 
equations  that  are  nearly  identical  in  form  to  conventional  S,/diamond-dif- 
ference  equations.  The  Sn  method  is  then  applied  to  calculate  electron  energy 
deposition  due  to  200-ke  V electron  beams  incident  on  problem  geometries  typi¬ 
cal  of  silicon  and  gallium-arsenide  semiconductor  microelectronic  devices. 
The  energy  deposition  results  were  found  to  compare  well  with  results  of  AC¬ 
CEPT  Monte  Carlo  calculations.  Computer  run  times  required  for  the  Sn  cal¬ 
culations  were  found  to  be  lower  than  that  required for  Monte  Carlo  by  factors 
ranging  from  30  to  50. 


1.  INTRODUCTION 

The  Spencer- Lewis  equation*'^  models  the  transport  of 
electrons  when  continuous  slowing  down  theoty  applies.  This 
equation  has  recently  been  solved  for  the  electron  flux  in  one- 
and  two-dimensional  homogeneous  media  using  the  SMART 
scattering  model,**  with  the  streaming  ray^’^  and  Sn  (Ref.  7) 
methods.  Here  we  extend  the  Sn  method  to  three-dimensional 
multiregion  problems. 

The  extension  from  two  to  three  dimensions  is  straightfor¬ 
ward;  however,  extension  to  multiregion  problems  introduces  a 
complication.  In  the  Spencer-Lewis  equation,  the  path  length  j 
is  used  to  specify  the  electron  energy  E.  For  homogeneous 
media,  the  continuous  slowing  down  approximation  (CSDA) 
implies  a  one-to-one  coirespondence  between  £  and  s.  With 
multiregion  problems,  this  one-to-one  correspondence  is  lost 
(since  the  spotting  power  is  spatially  dependent),  and  s  no 
longer  uniquely  determines  £. 

TTierefore,  we  redefine  s  to  denote  the  path  length  value  that 
would  correspond  to  electron  energy  £  if  the  material  composi¬ 
tion  that  characterizes  the  scattering  medium  at  the  current  posi¬ 
tion  (xj',z)  of  the  electron  were  instead  assumed  to  characterize 
an  infinite  homogeneous  medium  about  that  point.  With  this 
definition,  £  is  determined  by  s  and  the  electron’s  location. 
However,  another  problem  is  introduced.  The  electron  flux, 
when  expressed  as  a  function  of  path  length  s  rather  than  energy 
£,  is  no  longer  continuous  across  material  interfaces,  and  the  Sn 


equations  cannot  be  solved  in  the  conventional  manner.  Al¬ 
though  the  electron  flux  is  not  continuous,  this  same  flux  in¬ 
tegrated  over  a  path  length  step  will  be  continuous,  provided 
that  the  path  length  steps  represent  the  same  energy  intervals  in 
each  region.  By  using  integrated  quantities  in  place  of  the  cell 
center  fluxes  and  some  of  the  edge  fluxes,  we  are  able  to  cast 
our  equations  in  the  standard  Sn  form. 

Electron  transport  Sn  solutions  need  not  be  based  on  the 
Spencer-Lewis/SMART  scattering  model.  Some  Sn  calcula¬ 
tions  have  also  been  carried  out  using  a  Boltzmann  multigroup 
approach  ’  for  the  one-dimensional  case,  and  two-  and  three- 
dimensicmal  results  should  soon  be  available.  To  model  electron 
slowing  down  efficiently,  a  special  set  of  group-to-group  trans¬ 
fer  cross  sections  is  defined  that  make  the  differenced  multi¬ 
group  equations  equivalent  to  the  differenced  Spencer-Lewis 
equations.  As  an  alternative  to  SMART  scattering  theory,  scat¬ 
tering  matrices  based  on  Fokker-Planck,'®  the  extended 
transport  correction,**  or  Galerkin  quadrature*^  are  used.  Un¬ 
like  SMART  scattering  matrices,  these  other  scattering  matrices 
are  not  positive;  neither  are  the  special  group-to-group  transfer 
cross  sections.  However,  the  multigroup  Boltzmann-approach 
has  the  advantage  that  it  can  be  implemented  in  existing  neutral 
particle  transport  codes  by  simply  adjusting  the  cross  sections. 


2.  THEORY 


We  consider  the  transport  of  electrons  in  a  three-dimensional 
medium  consisting  of  a  number  of  homogeneous  material 
regions.  The  rectangular  geometry  form  of  the  Spencer-Lewis 
equation  valid  within  a  homogeneous  region  r  is^ 


^  ^  +  £2y  ^  ^  +  Oris) 

ds  dx  ^  dy  dz 


(t)(x,y,z,5,Q) 


where 


(1) 


<?(x,y,z,5£i) 

=  f  dSl'  0^5, £i' -* fi)  4)  (xy,z,s,Q') 

Jilt 


'4it 

+  q{x,y,ifr,Q.) 


(2) 
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4) 

-  electron  flux  at  position  {x,y,z),  path  length  5,  and  direc¬ 
tion  Cl. 
q(x^,Z^,Cl) 

“  fixed  electron  source 
Or{s) 

=  total  (scattering)  cross  section 
a,{s,Q'->Q) 

=  differential  (in  angle)  scattering  cross  section. 

In  region  r,  we  define  the  path  length  for  an  electron  of  ener¬ 
gy  £  as 

.  <3, 


Jo 


where  |  dE/ds)  (f)!  r  is  tlie  stopping  power  in  region  r  Thus, 
5  is  not  the  true  path  length  for  an  electron  that  has  traveled  in 
more  than  one  region.  With  5  defined  by  Eq.  (3),  there  is  a  one- 
to-one  correspondence  between  ^  and  £  for  each  region, 
making  it  possible  to  define  path- length-dependent  cross  sec¬ 
tions.  For  example. 

Or  (s)  -  Or  [E  (S)]  (4) 

Integrating  Eq.  ( 1 )  over  a  mesh  cell  A  sf  (the  need  for  the  su¬ 
perscript  r  on  A  is  explained  below),  we  obtain 
4)  I  ♦  V:  {x,y,z,Cl)  -  4)  i  - 1/2  (J:,>’,:,i2) 

]  4)i(j:,y,2,fl)  Asi 

uy  vy 

=  Q{x,y,z,il)  As/  , 


ay  dy  dy 


where 

4>i±'/2  (.r.>',J,i2)  =  4K.r,>’,2,s,''±i/2  ,J2)  , 


4),(x,y,:,Q  = 


As/^ 


ds  4)  (.x,>',z,s,Q) , 


.  + 1/2 

Q,{x,}\z,Cl  =  — -  I  dsQ  {x,y,z,s,Cl) , 
As{  •'  ■v,-'/2 


(5) 


(6) 


(7) 


(8) 


and  sfi  I  s  are  the  edges  of  cell  Asf  . 

The  S,i  algorithm  cannot  be  applied  directly  to  Eq.  (5)  be¬ 
cause  (J),(.v,y,c,f2)  is  not  continuous  across  material  interfaces. 

However,  when  multiplied  by  As[  ,  this  flux  is  continuous, 

provided  the  As{  define  the  same  energy  interval  in  each 
region;  that  is, 

dE' 


» '/2 

Ar;=  ( 

J  /•;,  - 1/2 


dE 

ds 


{£') 


(9) 


where  the  energies  £,  ±  1/2  defining  the  edges  of  the  I’th  path 
length  step  are  identical  in  every  material  region. 

Multiplying  by  Ar/  and  defining 

$i(x,y,Z,Q)-  4)i  (x  j,2,a)  Asi  (10) 

and 

(?,  (x,y,z,a)  *  <? ,  (xj',z,£2)  Ay/ ,  (11) 

Eq.  (5)  becomes 

4>i  ♦  V2(xj^,Cl)  -  4)/  -  1/2  (x,y,z,£2) 


^  d  ^  d  ^  d  r 

Clx  3  ,  +  Clz  -  0/ 

ax  ’  dy  dz 


=  <?i  (Jc,>,z,fl)  ■ 


fo<x,y,Z,£2) 


(12) 


To  put  this  equation  in  discrete  ordinates  fonn,  we  set  Q 
equal  to  discrete  direction  Q  and  integrate  over  mesh  cell 
Axy  Ay*  Az/ ,  obtaining 


o" 

+  V:  jkl  4^1  -  */2  jkl  $  1 7  +  V2  "  $  *  j  -  kl  J 

+  ^  [  $1/  *  +  1/2  /  "  $// T  -  1/2  /  j 


M 


^  S^mm'  ^ijkl  Qijkl  , 


(13) 


m'  =  1 


where 


Ary  Ay*  Az/ 

Xf  <fz4)/±i/2(.r,y,z,J2  )  , 

7i  !>, 


(14) 


1 

- 7~  I  ">' 

Ay*  Azi  Jy* 


X  I  dz^i  (xj±i/2  ,y,z,Cl'") 


(15) 


$™*±|/2/=  — — ■  (  dx 
Ary  Azi  Jx,  i, 

xT  (-r,y*ti/2 

•'Zl  12 


(16) 
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Rg.  1 .  Silicon  device  geometiy  (not  drawn  to  scale).  Units  of  lengths  are  in  micrometres. 


At/ Ay* 

X  f  dy^i  (t  j^;±V2,Q  )  , 

Vl  I  A 


= 


-L—  Cdy 

Ax^  AytAzi 

xf"’  dz^i(x,yA,Sl"')  , 

J  7i  lA 


q7l  -T-T-.  -  \  ,  ds(  dx 
^Xj^yk^Zl  J/.  Vi  •'t/ i, 


Jk*Vi  2h 

x/  dy^ 

Vl  ia  •'7/ 


tfz  q  (t,y,z^,n"')  , 


y*  w  "^z/  1/! 


.ty±l/2.  >"*±^2,  2/11/2 

=  edges  of  cell  AxjAykAz/ 


(17) 


(18) 


(19) 


Simm'  -  mm'th  element  of  the  scattering  matrix  for  region  r 
and  path  length  step  i 
M=  total  number  of  discrete  directions. 

To  model  the  extreme  anisotropy  of  the  electron  scattering  ker¬ 
nel,  we  use  SMART  scattering  theory'^  to  generate  the  Simm'. 

Except  for  the  numerical  treatment  of  the  scattering  term,  Eq. 
(13)  is  exact,  but  contains  five  unknowns,  the  cell  center  flux 
and  the  four  cell  exit  fluxes.  To  obtain  a  solvable  system  of 
equations,  we  use  the  diamond-difference  approximation: 

l^ljkl  "  ■''2  A'  ^ 

“  ^ij  +  W  W  $1/  -  1/2  kl 

,m  .  T-m 

-  <fijk  <•  1/2  /  +  Vijk  -  '/2  / 

=  <l>yiU  +  1/2  +  $yiU  -  Vi  (20) 


With  the  exception  of  the  appearance  of  As[,  in  Eq.  (20)  and  its 
absence  from  Eq.  13,  these  two  equations  are  identical  in  fomi 
to  the  conventional  5,i/diamond-difference  equations. ^ 
Making  a  minor  adjustment  for  As/,  we  solve  these  equations 
using  the  usual  S/j/di.amond-difference  algorithm. 
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3.  SAMPLE  CALCULATIONS 

Tlie  Sn  electron  transport  method  outlined  above  was  used  to 
calculate  energy  deposition  resulting  from  the  incidence  of 
electron  beam  sources  on  problem  geometries  typical  of  semi¬ 
conductor  microelectronic  devices.  The  configurations  we 
chose  to  work  with  are  based  on  fairly  detailed  descriptions  of 
(a)  a  silicon  hybrid  diode-resistor'"*  and  (b)  a  gallium-arsenide 
(GaAs)  field-effect  transistor.  The  final  configurations  for  the 
device  geometries  used  in  our  calculations  are  simplified  ver¬ 
sions  of  these;  however,  their  essential  geometrical  character 
and  material  compositions  were  preserved.  The  silicon  and 
GaAs  devices  are  shown  in  Figs.  1  and  2,  respectively. 

For  both  devices,  the  5n  transport  code  was  mn  for  200-keV 
electron  beams  incident  at  a  slightly  off-center  point:  x  =  0  pm, 
>  =  28  pm,  c=  0  pm  for  the  silicon  device  (see  Figs.  1  and  3)  and 
.t=  0  pm,  >■=  1 1 .75  pm, ;  =  0  pm  for  the  GaAs  device  (see  Figs. 
2  and  4).  Tire  incident  beam  orientation  is  given  by  0  =  90  deg, 
(|)  =  45  deg,  where  0  is  the  polar  obliquity  with  respect  to  the  z 
a.xis  and  (t)  is  the  azimuthal  angle  in  the  x-y  plane  (see  Figs.  I 
through  6).  Tlie  scattering  cross  sections  o.v  were  taken  to  be 
screened  Rutherford.^ 


Tabic  1 .  lixil  currciils  from  an  Al/S iO:  BKxk. 


Surface 

5« 

^6 

5, 

Monte 

Carlo'* 

X  =  16  pm 

0.1089 

0.1029 

0.1010 

0.09878 

T  =  18  pm 

0.09864 

0.08762 

0.08504 

0.08570 

z  =  14  pm 

0.1215 

0.1210 

0.1199 

0.1179 

X  =  0  pm 

0.2201 

0.2277 

0.2291 

0.2291 

T  =  0  pm 

0.1955 

0.1976 

0.1980 

0.2001 

z  =  0  pm 

0.2553 

0.2631 

0.2669 

0.2685 

Independent  calculations  of  energy  deposition  were  made 
using  the  ACCEPT  module  of  the  Integrated  TIGER  Series'^’  of 
coupled  electron-photon  Monte  Carlo  codes.  The  ACCEPT 
code  was  mn  using  the  screened-Rutherford  cross  section  with 
the  CSDA  (no-straggling)  option.  In  this  way,  it  was  possible  to 
ensure  that  both  the  S,,  and  Monte  Carlo  calculations  were 
based  on  the  same  physical  model.  Sufficient  Monte  Carlo  case 
histories  (10^’)  were  nin  so  that  valid  benchnurk  results  could 
be  obtained.  The  estimated  standard  error  was  <  1 in  all  of  the 
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Fig.  3.  Three-dimensional  Sn  calculation  of  energy  deposition  resulting  from 
a  4S-deg  election  beam  incident  on  a  silicon  device:  source  energy  - 
200t(cV. 


Fig,  4.  ACCEPT  (ref.  16)  Monte  Carlo  calculation  of  energy  deposition 
resulting  from  a  45-dcg  electron  beam  incident  on  a  silicon  device: 
source  cnetgy  -  200  keV. 

Monte  Carlo  tally  cells  for  which  the  energy  deposition  ex¬ 
ceeded  1  %  of  the  maximum  value.  The  worst  cases,  5  to  6% 
error  estimates,  were  encountered  in  only  2  of  129  cells  for  the 
silicon  calculation  and  1  of  120  cells  for  the  GaAs  calculation. 
In  tliese  instances,  the  energy  deposition  values  were  <  0. 1  %  of 
the  peak  value. 

The  energy  deposition  results,  Sn  and  Monte  Carlo,  for  the 
silicon  device  mock-up  are  shown  in  Figs.  3  and  4,  respectively. 
The  data  shown  result  from  integration,  over  the  z  coordinate,  of 
the  energy  deposited  per  unit  volume  in  the  region  bounded  by 
the  gold  cap,  and  are  therefore  given  in  units  of  MeV/cm 
Similarly,  the  S„  and  Monte  Carlo  results  for  the  GaAs  device 


Fig.  5.  Thite-dimensional  Sn  calculation  of  energy  deposition  resulting  from 
a  45-deg  electron  beam  irKidait  on  a  GaAs  device:  source  energy  - 
200  keV. 


Fig.  6.  ACCEPT  (ref.  16)  Monit  Carlo  calculation  of  energy  deiwsitioii 
resulting  from  a  45-dcg  electron  beam  uicidcnt  on  a  GaAs  device: 
source  energy  -  200  kcV. 

configuration  are  shown  in  Figs.  5  and  6.  The  results  obtained 
by  the  two  methods  seem  to  be  in  good  agreement.  Both  Sn  cal 
culations  used  S4  angular  quadrature.  For  the  silicon  device,  we 
used  60  path  length  steps,  14  Jt-mesh  intervals,  9  y-mesh  inter 
vals,  and  9  z-mesh  intervals.  The  corresponding  niunbers  for  the 
GaAs  device  were  64,  13,  9,  and  11.  The  Sn  calculations  con 
sumed  29.5  min  (silicon)  and  35.25  min  (GaAs)  of  VAX  8650 
computer  time.  In  contrast,  the  ACCEPT  mns  consumed  24  h 
(silicon)  and  17.5  h  (GaAs)  using  the  same  computer.  We  ex¬ 
pect  that  the  S,,  calculation  speed  will  be  increased  through  the 
use  of  acceleration  methods.  As  yet,  none  has  been  tmple 
mented.  The  use  of  coarse  spatial  mesh  cells  contributed 
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significantly  to  the  speed  of  calculation.  Typically,  a  mesh  cell 
would  have  linear  dimension  in  the  range  25  to  50  (screened- 
Rutherford)  means-firee-paths.  This  was  made  possible  by  the 
use  of  the  SMART  cross-section,"*  which  provided  a  significant 
reduction  in  effective  mean-free-path,  particularly  at  the  higher 
energies  where  a  factor  of  200  reduction  was  typical.  Further¬ 
more,  use  of  the  SMART  cross  section  enabled  us  to  model  the 
extremely  anisotropic  scattering  kernel  with  an  S4  quadrature 
set. 

To  test  the  sensitivity  to  Sn  quadrature  order,  we  have  also 
analyzed  the  case  of  an  isotropic  electron  source  embedded  in  a 
simple  two-region  block  consisting  of  aluminum  (0  <  x  <  16 
pm,  0  <  y  <  12  pm,  0  <  z  <  14  pm)  and  silicon  dioxide  (SiOz) 
(0  <  X  <  16  pm,  12  pm  ^  y  ^  18pm,  0  <  z  ^  14  pm).  An 
isotropic  source  of  200-keV  electrons  is  uniformly  distributed 
in  the  regionfO  <  x<  10  pm,  0  <  y<  12  pm,  0<  z<  8  pm). 
Table  1  shows  S4,  Se,  and  Sg  calculations  of  the  currents  exiting 
the  six  surfaces  of  the  block.  Also  shown  are  the  corresponding 
Monte  Carlo  results.  As  seen,  there  is  very  little  sensitivity  to  the 
Sn  quadrature  order.  The  Monte  Carlo  results  were  obtained 
with  the  ACCEPT  code  (6  x  10*  case  histories).  The  estimated 
standard  error  was  <  1  %  for  all  quantities  calculated.  While  the 
agreement  between  the  Monte  Carlo  and  the  Sg  calculations  is 
excellent,  the  agreement  with  54  and  5g  is  also  good. 

4.  DISCUSSION 

Three-dimensional  multiregion  Sn  electron  transport  calcula¬ 
tions  have  been  carried  out  with  good  results.  These  calcula¬ 
tions  were  made  feasible  through  the  use  of  SMART  scattering 
matrices  and  the  Spencer-Lewis  model  of  electron  slowing 
down. 

With  SMART  scattering  matrices,  the  effective  mean-free- 
path  is  increased  by  two  to  four  orders  of  magnitude,  thereby 
reducing  the  required  number  of  source  iterations.  The  SMART 
scattering  matrices  also  enable  us  to  use  a  low  Sn  quadrature 
order.  In  spite  of  the  severe  scattering  anisotropy,  the  calcula¬ 
tions  are  insensitive  to  the  Sn  quadrature  order  even  down  to  S4, 
as  is  evident  from  Table  1.  The  average  cosine  of  the  scattering 


angle  of  2(X)-keV  electrons  in  aluminum  is  0.998.  To  model 
such  scattering  directly  with  a  conventional  scattering  matrix, 
the  angle  between  adjacent  quadrature  directions  would  have  to 
be  comparable  to  the  average  angular  deflection  per  collision. 
For  200- keV  electrons  in  aluminum,  this  works  out  to  be  rough¬ 
ly  an  S64  quadrature  set! 

Associated  with  the  small  deflections  in  angle  are  small  ener¬ 
gy  decrements.  These  small  decrements  are  well  modeled  by 
the  CSDA,  but  not  the  multigroup  method.*'**’***  The  Spencer- 
Lewis  approach  has  the  advantage  that  the  CSDA  is  built  into 
the  model.*  To  apply  the  Sn  algorithm  to  the  Sfiencer-Lewis 
equation,  it  is  necessary  to  replace  cell  center  fluxes  and  some 
of  the  cell  edge  fluxes  with  integrated  quantities;  however,  this 
in  no  way  complicates  the  algorithm. 
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Abstract  -  W:  have  grown  by  organometallic  vapor  phase  epitaxy  high-purity 
InP  on  Si  substrates  using  a  GoAs  intermediate  layer  The  InP  layers  exhibit 
residual  electron  concentration  as  lowasS  X  lo'*  cm  ^  and  electron  mobilities 
as  high  as  4000 and  25  000 cm^/Vs  at  300 and  77  K,  respectively.  Theachieved 
InP  quality  is  dependent  on  the  GaAs  intermediate  layer  thickness.  ITiese  excel- 
lent  electrical  properties  are  due  io  high  crystal  qualities  as  evidenced  by  x-ray 
rocking  curve  half  width  as  low  as  215  arcsec  and  defect  densities  on  the  order 
l(f  cm  p/n  junctions,  with  ideality  factors  as  low  as  1 .6  aiul  low  leakage  cur¬ 
rents,  confirm  the  device  quality  of  this  material 


Heferoepitaxial  growth  of  InP  on  Si  continues  to  be  a  subject 
of  intense  investigation  because  of  the  potential  of  integration 
of  optical  and  other  III-V  devices  with  Si-based  electronic 
devices  on  the  same  chip.  Monolithic  integration  of  Si  and  III-V 
devices  is  desirable  for  a  variety  of  applications,  such  as  optical 
communications  and  optical  control  of  Si  devices  in  fly-by¬ 
light  systems  for  avionics,  radars,  and  flight  control. 

Two  in-V  on  silicon  materials  have  been  studied  more  than 
others;  GaAs-on-Si  and  InP-on-Si.  Of  these  two,  InP-on-Si  is  of 
interest  because  optical  sources  and  detectors  can  be  fabricated 
with  it,  and  because  of  the  close  thermal  expansion  match  be- 
tween  InP  and  Si.  ’  This  allows  the  growth  of  thick  layers  of 
InP  on  Si  without  cracking  and  with  a  reduction  of  thennal 
stress-related  defects.  Recent  results  on  long-life  lasers  and 
photodetectors  on  InP-on-Si  have  confirmed  these  expecta¬ 
tions.’^'"*  Despite  these  device  results,  high  purity,  and  high 
mobility  InP-on-Si  with  properties  approaching  those  of  InP 
have  not  yet  been  demonstrated. 

We  report  here  the  growth  of  high-purity,  high  mobility  InP- 
on-Si  by  organometallic  vapor  phase  epitaxy  (OMVPE).  We 
also  outline  the  conditions  necessaiy  for  the  growth  of  InP-on- 
Si  with  high  crystalline  qualities  needed  for  excellent  optical, 
electrical,  and  p/n  junction  characteristics. 

These  layers  were  grown  by  organometallic  vapor  phase 
epitaxy.  A  layer  of  GaAs  was  first  grown  on  Si  by  low-pressure 
OMVPE,  followed  by  InP  grown  in  a  separate  system  at  atmos¬ 
pheric  pressure.  The  reactants  for  the  GaAs  growth  were 
trimethylgallium  and  arsine,  while  for  the  InP  trimethylindium 
and  phosphine  were  used.  For  the  p/n  junctions,  the  p  layers 
were  doped  with  zinc  using  diethylzinc.  Layers  grown  for  Hall 
measurements  were  grown  on  50  £2  cm  p-type  Si  while  the  ones 


for  the  p/n  junctions  were  on  n*  -Si  substrates.  A  typical  growth 
sequence  for  both  GaAs  and  InP  involves  growth  of  a  thin  layer 
at  low  temperatures  (-  400°C),  growth  of  the  epilayer  at  600- 
65&C. 

We  evaluated  the  crystal  qualities  of  the  InP  epitaxial  layers 
(using  x-ray  diffraction)  that  were  grown  on  GaAs/Si  substrates 
with  GaAs  thicknesses  ranging  from  200  A  to  1  pm.  Figure  1 
(a)  show  a  typical  rocking  curve  for  3  pm  InP  grown  on  1  pm 
GaAs/Si  substrates.  Materials  grown  with  thinner  GaAs  inter¬ 
mediate  layers  have  larger  InP  rocking  curve  half  widths.  The 
separation  of  the  InP  and  Si  peaks  is  also  smaller  for  the  InP-on- 
Si  layer  with  the  thinner  intermediate  layer.  This  indicates  that 
this  material  is  under  a  higher  stress  than  the  more  optimized 
layer.  TTie  stress  for  the  layers  with  I  pm  GaAs  intermediate 
layers  is  estimated  to  be  as  low  as  1 .  3  X  10  dynes/  cm  . 

Figure  1  (b)  further  shows  that  the  rocking  curve  full  width  at 
half  maximum  (FWHM)  decreased  with  increasing  GaAs  and 
InP  thickness.  From  this,  it  can  be  concluded  that  the  higher  the 
GaAs  thickness,  the  better  the  quality  of  the  InP  grown  on  it. 
since  the  rocking  curve  FWHM  correlates  with  the  defect  den¬ 
sity  of  the  material.  Further  study  is  required  to  identify  the  op¬ 
timum  GaAs  thickness.  However,  we  believe  1  pm  of  GaAs  is 
sufficient  to  optimize  the  InP  quality  since  the  GaAs  layer 
quality  is  optimized  after  0.5  pm  growth.  We  also  found  that  the 
rocking  curve  FWHM  decreased  with  post-growth  annealing  of 
the  InP  layer  at  750-8(X)°C  for  10  min.  It  decreased  from  363 
arcsec  for  layers  annealed  at  750°C  to  215  arcsec  for  layers  an¬ 
nealed  at  800°C  for  6  pm  InP  epitaxial  layers.  Tliese  half  widtlis 
are  the  lowest  that  we  are  aware  of  for  InP  layers  of  sitnilar 
thickness  grown  on  Si. 

Transmission  electron  microscopy  (TEM)  was  used  to  e,\ 
amine  these  layers  and  showed  no  evidence  of  stacking  faults. 
Defect  densities  as  low  as  10  ctn  “  were  estimated  from  the 
TEM  micrographs.  Etch  pit  densities  (EPDs)  were  detemiineil 
from  HBr:  H3PO4  acid  delineation  .and  were  as  low  as  10  an  " 
Tlie  discrepancy  between  llie  EPD  and  TEM  values  may  be  due 
to  incomplete  delineation  of  the  variety  of  the  defects  in  the  InP 
by  the  HBr;  H3PO4  solution. 

The  electrical  properties  of  our  Inp-on-Si  were  asses,sed  by 
Hall  measurement  and  differential  Hall  profiling  The  nxim 
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Fig,  2.  Electron  ntobility  and  concentration  profiles  of  InP-on-Si  at  300  K  as 
detetmincd  from  differential  Hall  measurements. 


(b) 


Fig.  1 .  Crystal  properties  of  3  pm  InP  on  1  pm  GaAs/Si  snbstratcs.  (a)  X-ray 
diffraction  rocking  curve,  (b)  variation  of  rocking  curve  linewidth 
witli  OaAs/Si  and  epitaxial  InP  tlucknesscs 

temperature  Hall  mobility  values  were  710,  3300,  and  3000 

2  15 

cm  /V  with  corresponding  electron  concentrations  of  5  X  10  , 

2.5  X  10*^,  and  4  X  lo’^cm'^  for  1, 3,  and  6  pm  InP  layers  on 

1  pm  GaAs/Si  substrates.  The  77  K  electron  mobility  was  as 

high  as  25000  cm  /V  s  for  6-pm-thick  layers.  The  electron 

mobility  of  a  2  pm  InP  layer  grown  on  InP  in  the  same  system 

and  using  the  same  reactant  is  4300  and  3 1  000  cm  /V  s  at  300 

and  77  K,  respectively,  with  electron  concentration  of  6.2  X 

10*“*  cm’  ■*.  Therefore  the  InP  layers  grown  on  Si  have  electrical 

properties  that  are  close  to  those  of  InP  control  layers  grown  on 

bulk  InP  substrate.  Wlien  purer  metalorganics  were  used,  the 

electron  concentration  of  InP  grown  on  Si  were  as  low  as  6.2  x 

10*“*  cm’’^. 

Differential  Hall  profiling  not  only  confimis  these  results,  but 
shows  that  the  300  K  electron  mobility  in  the  InP-on-Si  layer  is 
as  high  as  4000  cm  /V  s  (Fig.  2).  Tlie  slight  variation  in  mobility 
in  Fig.  3(a)  is  responsible  for  the  lower  average  electron 
mobilities  detemiined  from  Hall  measurements.  The  electron 
mobilities  does  not  decrease  with  depth  as  drastically  as  has 
been  reported  for  InP-on-Si  grown  by  gas  source  molecular 


beam  epitaxy  (MBE).^  The  electrical  properties  of  these  InP- 
on-Si  are  the  best  reported  to  date. 

The  InP/GaAs/Si  layers  show  good  optical  properties  that  are 
comparable  to  control  material  grown  on  InP  substrates.  As  Fig. 
3  shows,  the  photoluminescence  spectra  for  the  InP-on-Si  at  10 
K  exhibit  bound  exciton  and  acceptor-  related  emissions  at  the 
same  energy  as  the  InP  layer  grown  on  InP.  This  indicates  that 
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rig.  4.  JtBiclioii  proix’rticji  of  1pm  f)’  IriP/2  pm  «-Inl’gwwiioiiGaA.s/Si.  (a) 
SfiM  microgra()h  and  lifllC  scan  of  junclion  cn)ss  st-dion.  0>)  I-  f' 
ciiaraclcrislic  of  iIk-  p/ti  jiUKtion. 


there  is  little  built-in  stress  in  this  material  unlike  typical  GaAs- 
on-Si  results,  perhaps  because  of  the  better  thennal  expansion 
match  between  InP  and  Si. 


Finally,  the  device  quality  of  the  material  was  evaluated  by 
growing  p/n  junctions.  Figure  4(a)  shows  the  scanning  electron 
microscope  (SEM)  micrograph  of  a  1  pm  p*  -InP/2  pm  «-InP 
layer  grown  on  a  1  pm  GaAs/Si  substrate.  The  superimposed 
electron  beam  induced  current  (EBIC)  trace  shows  a  sharp  p/n 
junction.  The  minority-carrier  diffusion  length  was  estimated 
from  the  EBIC  trace  to  be  1.6  pm  which  is  lower  than  the  3  pm 
typically  measured  for  low  threshold  laser  structures  grown  on 
InP.  The  p/n  junctions  have  an  ideality  factor  of  1 .6  as  estimated 
from  the  current-voltage  (I-V)  characteristic  in  Fig.  4(b). 

In  summary,  we  have  grown  high-purity  InP-on-Si  using 
GaAs  intermediate  layers,  with  electron  mobilities  as  high  as 
4000  cm^/V  s  and  25  000  cm^/V  s  at  77  K  which  are  the  best 
reported  so  far  for  this  kind  of  material.  We  have  shown  that 
these  excellent  electrical  results  were  enabled  by  high  crystal 
qualities  of  the  InP  films  as  evidenced  by  rocking  curve 
FWHMs  as  low  as  2 1 5  arcsec  and  defect  densities  on  the  order 
of  10  cm  .  p/n  junctions  with  ideality  factors  as  low  as  1.6 
confimi  the  device  quality  of  this  material. 

The  authors  would  like  to  thank  Dr.  John  McKitterick  atid  Dr. 
John  Lin  for  useful  cotnments  and  suggestions,  and  Mary  Baker 
for  manuscript  preparation.  Tliis  work  was  supported  by  Rotne 
Air  Development  Center/  Hanscom  AH3  through  contract  No. 
Fl%28  88-C  0119. 
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Abstract  -  The  existing  description  of  hot  electron  transport  in  silicon  dioxide 
contains  the  deficiency  that  the  resulting  electron  inverse  mean  free  paths  and 
loss  rates  associated  with  electron-acoustic  phonon  scattering  continue  to  in¬ 
crease  in  an  unphysical  way  at  energies  above  One  can  remove  that  dis¬ 
crepancy  by  introducing  a  pseudo  nential  which  reflects  the  screened  atom 
characteristic  of  higher  energy  electron- lattice  interactions.  The  low  energy, 
low  q  scattering,  described  in  terms  of  the  deformation  potential,  is  then 
recovered  intact,  in  the  low  q  limit.  The  use  of  the  screened  Coulomb  potential 
introduces  no  adjustable  parameters  and  results  in  an  acoustic  scattering  cross 
section  which  approaches  the  phase  shift  derived  elastic  scattering  cross  sec¬ 
tion  at  E  >  f  g,p. 


1.  INTRODUCTION 

The  transport  of  low  energy  electrons  in  Si02  has  been  a  sub¬ 
ject  of  interest  in  recent  years  due  to  the  success  of  the  theory  of 
electron-acoustic  phonon  scatter  as  developed  by  Fischetti* 
from  the  ionic  crystal  based  work  of  Sparks  et  al.  The  addition 
of  that  acoustic  phonon  scatter  to  the  LO  scatter  described  in  the 
theory  and  calculations  of  Frohlich,^  Garwin,^  and  Fitting^ 
revealed  several  characteristics  of  the  electron  motion.  Among 
these  were  the  trend  toward  saturation  of  the  drift  velocity,  the 
increase  in  the  mean  value  of  the  transport  kinetic  energy 
spectrum  and  the  mitigation  of  electron  velocity  runaway,  all  in 
the  presence  of  strong  applied  electric  fields.  Experimental*^'^ 
and  Monte  Carlo  results  ’  have  been  in  agreement  in  most 
cases. 

The  continuation  of  the  transport  to  energies  above  £gap 
presented  new  challenges  and  emphasized  a  basic  deficiency  in 
the  underlying  theory.  First,  as  has  been  pointed  out  else¬ 
where,’**  the  deformation  potential  approach  is  a  low  k,q  theory 
and  contains  approximations  not  valid  above  ks'/..  The  carrying 
up  of  this  low  energy  theory  to  energies  greater  than  Ebz 
manifests  itself  in  the  deficiency  that  the  predicted  inverse 
mean  free  paths  and  energy  loss  rate  (dE/dx),  continue  to  in¬ 
crease  unabated  at  eneigies  E  >  Egap.  Second,  the  current  theory 
does  not  naturally  transform  toward  the  elastic  atomic  scatter¬ 
ing  process  at  energies  several  times  Ebz 

The  transport  parameters  (inelastic  inverse  mean  free  paths, 
elastic  scattering  cross  sections  from  phase  shift  calculations) 
for  electron  energies  greater  than  10  eV  in  SiO  have  been 
available  for  some  time.  '  A  complete  transport  calculation 
requires  a  coupling  of  the  low  energy  electron-phonon  scatter 


theory  to  the  energy  domain  above  Egap  where  the  transport  is 
dominated  by  elastic  scatter  and  impact  ionization.  We 
achieved  such  a  Monte  Carlo  calculation  with  credible 
results.*^  In  order  to  overcome  the  difficulties  above  we  ter¬ 
minated  use  of  the  acoustic  scatter  cross  section  in  favor  of  the 
elastic  cross  section  at  lOeV.  We  present  in  this  paper  a  way  to 
avoid  that  artifice  by  the  use  of  the  screened  Coulomb  pseudo- 
piotential  in  the  electron-acoustic  phonon  interaction  formalism. 

2.  THE  PSEUDO-POTENTIAL 

The  prescription  for  creating  the  interaction  potential  be¬ 
tween  an  electron  and  a  unit  cell  as  set  forth  by  Ziman’"*  is  to 
sum  over  the  contribution  from  each  cell  site  and  then,  in  the 
calculation  of  the  matrix  element  for  the  scatter,  resolve  the 
result  into  the  product  of  two  factors:  a  structure  factor  and  an 
atomic  form  factor.  Thus,  summing  over  lattice  sites  at  locations 
Si, 

(1) 

i 

the  matrix  element  between  the  inbound  electron  wave  vector, 
k,  and  scattered  wave  vector,  j,  is 

Mjk  =  J  ^  £  ya(T  -  Si)  e'  '^  ^dr  ,  (2) 

and  with  scattering  vector  q=  k  -  j  and  interaction  distance 
X  =  r  -  Si, 

=  J^,  q  xp,^(x)^x.  (3) 

i 

The  first  factor  is  the  structure  factor  and  is  left  unchanged. 
The  second  factor,  the  Fourier  transform  of  the  interaction 
potential,  is  to  be  determined  from  a  screened  Coulomb  poten¬ 
tial  which  appropriately  describes  the  q  dependent  scattering 
with  the  lattice  seen  by  higher  energy  electrons  in  high  q 
(umklapp)  collisions.  So,  with 

yj,x)  =  ZiZ2eV"^/x,  (4) 

47ieo 

and  its  Fourier  transform,  including  the  unit  cell  voliune,  ,  in 
the  manner  of  Ziman,' 
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2  2 
a  +  q 


One  can  recover  the  low  q  deformation  potential  evaluation 
of  the  matrix  element  by  requiring  the  lirriq  —  o  Vaiq)  -  C,  the 
deformation  potential.  This  detennines  the  value  for  a^.  Nu¬ 
merical  evaluation  based  on  C=  3.5  eV'  and  Z2  =  8  for  the 

dominant  oxygen  scafterer,  and  =  1 1 3.4  yields 

2  •~2 

a  =  3.654  .  Thus,  a  is  approximately  equal  to  Iksz  ■  The 
fonn  for  the  square  of  the  matrix  element  is  then  given  by 

\Mjk\-  =  dq'^/(\  *  q'^/ab'^  .  (6) 

In  this  way  one  retains  the  defonnation  potential  description 
for  the  unit  cell  interaction  for  q  <  a  but  obtains  a  more  credi¬ 
ble  behavior  at  <7  >  a.  Additionally,  the  matrix  element  square 
in  this  form  leads  to  a  rollover  and  decline  in  the  acoustic  scatter 
cross  section  as  seen  in  recent  photoelectron  line  broadening 
experiments,'^  y  dE/dx. 

The  integral  relations,  based  on  the  pseudo-potential,  for  the 
scattering  rate,  7  ,  and  the  energy  loss  rate  dE/dx  are,  derived 
from  the  format  of  Ashley: 


AuMpN, 


7T  \  dq 

cjhvJQ 


X[n(<7)+  \n±\/2] 


(  1  +  qVa"r 


dE/dx  = 


'-4 

•'0  (I+^VaT 

X  [n(q)  +  1  ]  -  f  dqq^ 

Jo 


X — 2  2 
(1  +qVaT 


where  Mp  and  Nc  are  mass  and  density  of  unit  cell,  n{q)  is  Bose 
function  at  room  temperature,  f{q)  alters  mass  of  unit  cell  to 
mass  of  heaviest  constituent,  U)(q)  =  phonon  frequency. 


2k  r  2m*Cs/A  ; 


q  <  kB/ 


k[l +{1  ^  CskBZ ,  q>kBz' 


Thus,  the  effect  of  the  pseudo-potential  form  is  to  in.'ode'-e 
2  2  2* 

the  factor  (1  +  q  jet  )  into  the  denominator  of  each  of  the 
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l  ig  1  Total  (•.Icctroii-plionon  .scaltcring  cross  section,  I /X  *  y/u,  vs  electron 
kinetic  energy  from  the  rc.snlt.s  of  l-'isclietti  (  see  Ref  8  ),  incliKling 
extension  within  brackets,  compared  with  the  results  from  the 
psendo-polcntial  calculation  aixl  willi  tlie  pliase  shift  derivecl  cla.stic 
scattering  cross  .sections  (see  Ref.  11  )  lowest  energy  valla’s  leflect 
1,0  ph(8on  scatter  The  sliarji  break  at  2  48  eV  is  caused  by  cluinging 
tlx-  ma-ss  value  on  tlie  sublattice  via  tlie,  ramp  function,  /(q) 


I'ig  2  Total  clectron-plxiiKin  dF/dx  values  derived  from  A.shley  ( .see  Ref 
16  ),  including  extension  within  brackets,  Iwcseil  u|K>n  defonnation 
potential  theory  compared  to  results  from  the  pseudo  |)otential 
calculation.  ITic  reqiiin-d  downturn  in  magnitixle  alxive  com’cls 
a  deficiency  of  tliat  onginal  tla-ory  1  owist  eia'rgy  valix-s  n  lleel  loss 
to  1,0  plKinons  Peaks  an-  causerl  by  clianging  tlie  ina.ss  values  on  the 
sublattice  via  /(q) 
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defonnation  potential  based  expressioas.  For  high  energies  and 
<7  ^  kit/,  and  apart  from  the  constants,  each  integrand  becomes 
<7  /(1  +  which  is  analytically  integrable.  The  high 

energy  behavior  of  the  integrated  result  is  easily  seen  to  be 
logaritJunic  and  leads  to  a  (log  E)  /  E  dependence  for  both  th" 

inverse  mean  free  path,  X  ’  =  y/  u,  and  for  the  loss  rate.  Finally, 
the  relationship  of  the  differential  scattering  cross  section  in  tlie 
first  Rom  approximation  has  been  previously  utilized  '  to 
evaluate  C,  the  defonnation  potential.  That  relation  becomes 

a(q)  =  4ndo/tiil  =  —  |  Va{q)  \  ^ 

nftN 

4m*^  C? 

TtfiV  ( 1  +  <7^/a^)  ^ 

which  leads  to 
o{q)  -*0  for  q>  a  , 

4/n  ^  ^2  r 

o  =  — --T  C  for  9  —  0  , 

which  recovers  the  form  used  by  Fischetti. ' 

3.  NUMERICAL  RESULTS 

in  the  evaluation  of  y,  l/X,  and  dE/dx  the  following  numeri¬ 
cal  values  were  used: 
n(kii/)  =  0.773 
/{ki!/,  =  12.1 

Cs  =  3.56  X  10*  cm/s  , 
w(A-«/)  =  CskB/ 
kit/.  =  8.15X  10^  cm  * 

r  1/2,  E<Eb-//2 

m  / mo  =  E/Ebz  ,  EB7y2  <  £  <  Eb/.  ■ 

1  ,  £  >  Eb7. 

The  impact  of  the  pseudo-potential  is  clearly  evident  in  Figs. 
1  and  2  where  the  present  calculations  are  compared  to  previous 
results.  For  purposes  of  comparison  of  results  for  all  E,  the  in¬ 


verse  mean  free  path  shown,  X  *,  includes  the  low  energy  LO 
phonon  scatter  contribution.  Detailed  agreement  between  the 
inverse  mean  free  patlis  shown  in  Fig.  1  should  not  be  exjjected 
Two  different  values  of  Ebz  exist.  Ashley’s  value*^’  is  2.48  eV 
and  follows  from  the  volume  of  the  rhombohedral  primitive  cell 
with  sides  4.913  A  and  height  5.404  A.  Tlie  resulting  volume, 
1 13  A‘\  and  m*  =  mo  for  the  electron  mass  yields  E/i/  =  2.48 
eV  Fischetti  has  consistently  used  5.5  eV,  but  w  ithout  deriva¬ 
tion.  A  smooth  match  of  the  scattering  cross  sections  could  be 
obtained  by  a  suitable  choice  for  E/i/  and  suitable  choices  of  the 
unknown  parameters  involved  [e.g.,  C,  f{kB7)].  The  declining 
values  of  dE/dx  in  the  10-20  eV  range  shown  in  Fig.  2  agree 
with  the  decline  in  line  broadening  described  in  Ref  15.  The 
important  point  is  that  the  screened  Coulomb  potential  satisfies 
much  of  the  high  and  low  energy  requirements  of  acoustic 
phonon  scatter  and  does  so  without  the  introduction  of  any  new 
undetennined  parameters. 
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Abstract  -  This  paper  reports  the  results  of  Monte  Carlo  transport  calculations 
for  electrons  in  strong  electric  fields  in  silicon  dioxide  based  on  new  choices for 
the  deformation  potential  in  acoustic  phonon  scatter  and  for  the  ionimtion 
threshohi  Impact  ionization  is  described  on  the  basis  of  cross  sections  derived 
from  many  Itody  dielectric  theory  coupled  to  a  model  insulator.  The  electron- 
acoustic  and  electron-elastic  scattering  rates  are  matched  at  8eV  in  order  to 
provide  appropriate  limitation  on  the  electron-phonon  scattering.  The  sen¬ 
sitivity  or  secondary  electron  production  to  these  parameters  is  described  Also 
described  is  the  important  rote  of  bulk  trapped  negative  charge  in  affecting 
secondary  electron  production  by  changing  the  local  field  value.  The  results 
show  tluit  suitable  choices  for  these  parameters  lead  to  appropriate  levels  of 
impact  ionization  and  vacuum  emission  spectra 


I.  INTRODUCTION 


The  electron  energy  domain  £gap(’'  8.9eV)  <  E  <  20  eV  in 
Si02  is  the  meeting  ground  of  two  theories  of  enetgy  loss:  (1) 
Ionization  based  on  the  exact  dielectric  function  (Ritchie,  Ash¬ 
ley)  and  (2)  Electron  phonon  scatter  based  on  longitudinal  opti¬ 
cal  phonon  (Ftdhlich)  and  acoustic  phonon  (Sparks,  Fischetti, 
Ashley)  processes.  In  a  calculation  in  which  energy  spectra 
from  (2)  above  are  coupled  with  ionization  cross  sections  from 
(1),  prediction  of  substantial  secondary  electron  production  can 
result.  Experimental  studies  of  electrons  transported  in  the 
presence  of  a  strong  applied  field  show  spectra  with  high  eiyer- 
gy  tails  extending  well  beyond  £gap,  but  do  not  reveal  aceexn- 
panying  secondary  electron  production.  The  missing  impact 
ionization  is  one  of  the  continuing  problems  in  electron 
transport  in  Si02.  This  paper  reports  the  results  of  transport  cal¬ 
culations  for  electrons  and  fields  in  the  oxide  of  an  idealized 
MOS  slab  structure  arrangement,  performed  with  the  Monte 
Carlo  code  LOWEND,  based  on  new  choices  for  the  deforma¬ 
tion  potential  in  acoustic  phonon  scatter  and  for  the  ionization 
threshold.  The  sensitivity  of  the  above  theories  to  these 
parameters  in  secondary  electron  production  is  described.  Also 
described  in  this  paper  is  the  highly  important  role  of  bulk 
trapped  negative  charge  in  affecting  secondary  electron  produc¬ 
tion  by  changing  the  local  field  value.  Bulk  trapping  of 
electrons  is  a  techrtique  that  has  been  used  to  achieve  high 
anode  fields,  ostensibly  without  changing  the  cathode  field.  To 
facilitate  comparison  with  experimental  vacuum  emission  data, 
we  have  included  a  200  A  aluminum  layer  at  the  anode  and 


have  represented  the  uniformly  distributed  bulk  charge  by  a 
spatially  linear  dependent  form  for  the  electric  field. 


2.  THE  MODEL 

Previous  calculations"*’^’^  of  electron  energy  gain  and  loss  in 
Si02  in  the  presence  of  an  applied  electric  field  have  em¬ 
phasized  the  electron  kinetic  energy  spectra  and  their  fust  mo¬ 
ments  to  characterize  the  transport.  However,  the  kinetic  energy 
spectrum  is  changing  continuously  in  a  spatially  varying  field 
so  that  no  one  spectrum  can  be  used  to  characterize  the  impact 
ionization  rate.  Instead,  we  have  chosen  two  other  collective 
features  of  the  transport  on  which  we  focus  our  attention  in  this 
paper.  These  are;  1)  the  mean  total  path  traveled  by  the 
electrons;  and  2)  the  secondary  electron  count. 

The  heating  and  stabilized  transport  of  electron  spectra  in  the 
presence  of  an  applied  electric  field,  <5,  can  be  understood  on  a 
simple  (average  power  in-average  power  out)  basis,  i.e. 

<  POWER  IN  >  =  £•  u  =  e(5(k- o)  =  e(5uz,  (1) 


<  POWER  OUT>  =  u(d£:/dr) ,  (2) 


where  d£ /dr  is  the  stopping  power,  or  averaged  enetgy  loss  per 
urrit  pathlength,  resulting  from  electron  scattering  with  lon¬ 
gitudinal  (LO)  and  acoustic  (AC)  mode  phonons.  Specifrcally, 
is  developed  by  Ashley,  the  contribution  to  d£  /dr  from  LO 
phonon  scatter  is  calculated  from 


-  d£/ dr  = 


f  1  n 

’h4 

-  rtcoln 

r  -  ^  1 
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(uu  +  1)  In 

•.  )  ■' 
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where 


W2=  min{lc(l  +  / 1?  hw/E  )Jcbz],^=  ±  1-  / 1?  hta/E 

and  from  acoustic  phonon  scatter 

3C^ 


d£/dr  = 
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where 

-f  _  2k:f  2m  Cs/h  .  q<kBZ 

i^max  ~  1  /->  .  ■ 

k[l  +  (It  CsKbz/i  /£)  I  kBZ 

where  C  is  the  defoimation  potential,  M  is  the  mass  of  a  unit  cell 
and  is  the  density  of  unit  cells,  f(q)  provides  for  the  trans¬ 
form  of  the  unit  cell  mass  to  the  heaviest  constituents  of  the  cell, 
riq  is  the  Bose  phonon  occupation  number  at  room  temperature. 

The  underlying  theory  does  not  contain  provision  for  satura¬ 
tion  of  the  acoustic  phonon  scattering  rate.  We  have,  therefore, 
clamped  this  rate  at  the  value  equal  to  the  elastic  scattering  rate 
at  lOeV.  (Elastic  scatter  cross  section  is  constant  from  10  to  -  30 
eV.) 

Two  key  parameter  values  govern  the  rate  of  and  amount  by 
which  electron  energies  are  increased  to  values  in  the  imp)act 
ionization  domain;  1)  the  value  of  the  deformation  fxitentiai 
(defined  as  the  coupling  constant  for  the  phonon  wave  vector  q 
in  the  electron-acoustic  phonon  interaction);  and  2)  the  pres¬ 
ence  of  trapped  negative  charges  in  the  Si02.  This  second  fea¬ 
ture  has  been  found  in  this  work  to  be  important  in  relating  the 
calculated  secondary  production  to  experimental  data. 

The  final  parameters  which  govern  secondary  electron  pro¬ 
duction  are  the  threshold  energy  and  the  cross  section  for  the 
process  itself.  We  have  utilized  the  cross  section  for  secondary 
electron  creation  generated  by  J.  Ashley  and  R.  Ritchie  ’  based 
on  the  exact  dielectric  constant  of  the  solid.  We  have  investi¬ 
gated  the  modification  of  those  published  values  based  upon  the 
work  of  C.  Anderson  and  C.  Crowell,*^  whose  principal  result 
is  that  the  threshold,  Em,  for  ionization  is  dependent  upon  the 
electron  effective  ntass  values,  nival, wJcon,  for  the  valetKe  and 
conduction  bands  respectively,  and  is  given  by 

£ih  =  £'gap(2  +  7)/(  1  +  y),  (5) 

where 

y  =  mla\/mlon-  (6) 


Fig.  1 .  Change  in  inverse  mean  ftec  path  for  impact  ionization  according  to 
the  Andcrson-Crowell  fomnula.  Results  for  threshold  energy  of 
;  £g,p  as  calculated  by  Ashley.’ 

by  the  IBM  group'^  in  1984  was  3.5  eV.  This  value  for  the  defor¬ 
mation  potential,  C,  was  derived  from  the  integrated  atomic 
cross  section  through  the  relation  =  nN^  where 

N  is  the  atomic  density  of  oxygen  (the  larger  dominating  scat¬ 
ter)  and  a  is  the  cross  section.  More  recently  the  value  5  eV  was 
taken  to  be  a  better  choice.  *  *  It  is  the'square  of  the  deformation 
potential  that  enters  the  formalism  and,  therefore,  such  a  change 
in  its  value  has  the  effect  of  doubling  the  d£/dc(AQ  loss  rate, 
e.g.(5/3.5)2-2. 

The  presence  of  uniform  bulk  trapped  charge  is  accounted  for 
in  Monte  Carlo  transport  calculations  by  assuming  a  spatially 
linear  dependent  form  for  the  electric  field.  The  actual  values  of 
<5  anode  and  ^  avg  follow  frean  the  IBM  work*  wherein 

anode”  avg  //ojrE  =  (l^(0)g  +  2AV^)//oj:,  (7) 

where  3t  is  the  charge  centroid,  is  the  trapped  charge/area ,  fex 
is  the  oxide  thickness,  e  is  the  permittivity  of  the  oxide  and 
AVg  is  the  applied  voltage  shift  required  to  restore  the  cathode 
field  (hence,  current). 

3.  RESULTS 


The  values  of  inverse  mean  free  path*^  were  recalculated  based 
upon  this  result  using  mcon=  mo/2  (where  mo  is  the  electron 
test  mass)  at  the  bottom  of  the  conduction  band,  consistent  with 

the  LO  phonon  model,  and,  with  no  guidance  in  the  literature, 

* 

mval  =  mo.  The  results  are  shown  in  Figure  I  where  the  thresh¬ 
old  for  ionization  is  seen  shifted  from  £gap  to  1 1.9  eV.  Second¬ 
ary  electron  yield  is  reduced  about  40%  by  use  of  these  new  val¬ 
ues. 

The  value  of  the  deformation  potential  in  the  electron-acous¬ 
tic  phonon  matrix  element  is  not  known.  The  value  argued  for 


The  sensitivity  of  mean  total  path  and  secondary  count  to 
these  effects  is  shown  in  Figures  2  and  3.  These  results  were  ob¬ 
tained  from  the  code  LOWEND^  and  use  the  unmodified  sec¬ 
ondary  electron  creation  cross  sections  of  Figure  1.  It  is  clear 
that  a  reduction  in  secondary  production  by  a  factor  of  thirty  oc¬ 
curs  frean  a  choice  of  5  eV  for  the  deformation  potential  and 
from  the  charged  oxide  condition  for  an  8  MV/cm  anode  field. 
The  values  of  secondary  count  and  mean  total  path  obtained  in 
the  charged  oxide  cases  are  seen  by  projection  back  to  the 
original  uncharged  oxide  curves  to  intersect  near  those  values 
arising  from  an  uncharged  oxide  field  whose  strength  is  equal  to 
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Fig.  2.  Mean  total  paths  for  indicated  conditions.  All  cases  are  for  600  A  total 
penetration  depth  and  are  based  on  SOOO  case  histories.  Reductions  are 
caused  by  the  iiKicased  df/dt  associated  with  the  S  eV  deformation 
potential  and  by  the  reduced  field  strength  in  the  charged  oxide. 

the  average  value  of  the  charged  oxide  field.  That  is,  mean  total 
path  and  secondary  count  are  determined  by  the  average  field. 
We  have  repeated  this  finding  for  a  bulk  charge  distributed 
quadratically  along  the  field,  Z,  axis.  To  understand  the  origin  of 
these  results  one  must  examine  the  response  of  the  kinetic  ener¬ 
gy  spectrum  to  different  field  values. 

In  previous  works  it  has  been  emphasized  that  it  was  the 
anode  field  which  determined  the  vacuum  emission  kinetic 
enetgy  spectrum.  Figure  4  shows  this  to  be  true  for  two  cases 
with  the  same  anode  field  but  with  differing  average  fields. 
Conversely,  Figure  5  shows  the  spectra  when  the  average  fields 
are  equal  but  the  anode  fields  differ.  Figure  6  shows  the  spatial 
distribution  along  the  Z  axis  of  secondary  electron  production 
by  impact  ionization  for  the  constant  (uncharged)  and  linear 
(charged)  field  cases  which  have  the  same  average  field  value, 
i.e.  the  same  conditions  that  produced  the  spectra  shown  in  Fig¬ 
ure  5.  In  the  reduced  (due  to  bulk  negative  charging)  field 


Fig.  4  Kinetic  energy  spectra  from  charged  and  uncharged  oxiiles  witli  same 
aiKxle  field. 


region  of  the  cathode  no  secondary  production  takes  place.  In 
the  final  250  A,  additional  secondary  production  in  the  linear 
field  case  is  induced  by  the  increased  local  field  value  and  the 
resulting  spectrum  broadening  to  include  more  electrons  in  the 
high  energy  tail.  This  spectrufn  broadening  to  high  enetgy  while 
traveling  through  a  linearly  increasing  field  is  displayed  in  Fig¬ 
ure  7.  The  rapidly  increasing  impact  ionization  cross  section 
and  the  increased  population  above  £gap  leads  to  approximately 
the  same  number  of  secondary  electrons  being  produced  as  in 
the  constant  field  case  with  the  same  average  field  value. 

The  calculations  reveal  the  sensitivity  of  the  transport  to  the 
factors  described  above.  These  factors,  when  taken  together, 
provide  a  quantitative  basis  for  understanding  the  reason  for  the 
surprisingly  small  amount  of  secondary  electron  productioti 
seen  by  vacuum  emission  experiments*  which  utilized  loading 
of  bulk  distributed  electron  traps.  It  is  important  to  observe  that 
the  values  used  for  deformation  potential  and  threshold  are  not 
well  established  by  definitive  measurement.  The  uncharged 


Mg  3.  Fraction  of  secondary  electrons  produced  by  5000  primary  electron 
case  histories  in  traversing  600  A  penetration  depth  Charged  oxide 
values  are  shown,  by  backward  projection,  lo  equal  those  from 
inichargcd  oxide  with  field  equal  lo  average  of  cliargcd  oxide  field 


Fig.  5.  Comparison  of  kuH'tic  energy  spectra  wnli  sanx-  average  field  valiK's 
{6  MV/cni)  but  diffenng  aiKxle  fields,  6  ( . )  and  8  (-  -  - )  MV/cni 
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Fig.  6.  Comparison  of  fust  generation  secondary  electron  spatial  distributions 
for  same  average  field  values  ( 6  MV/cm ).  but  differing  anode  fields, 
6  and  8  MV/cm.  Total  number  of  secondaries  generated  in  each  case 
is  nearly  the  same. 

oxide  calculations  also  provide  a  basis  for  undetstanding  the 
quite  different  results  on  electron  runaway  found  in  experi- 
tnents  which  do  not  use  an  electron  trap  loading  technique. 

Vacuum  Emission  Spectra 

Experimental  measurements  of  vacuum  emission  spectra  have 
been  reported  '  which  utilized  either  aluminum  or  gold  anodes 
of  -  200  A  thickness.  We  have  performed  a  Monte  Carlo  cal¬ 
culation  of  the  transmission  spectrum  through  a  200  A  thick 
aluminum  anode,  based  upon  the  cross  section  formalism 
developed  in  the  electron  gas  model  of  TXmg  and  Ritchie,  The 
input  spectrum  from  the  SiC)2  was  characteristic  of  an  8  MV/cm 
anode  field  (see  Figure  4).  The  bottom  of  the  conduction  band 


Fig,  7,  Illusiration  of  energy  spectnim  modification  occuring  in  a  linearly 
varying  electric  field.  Secondary  production  docs  not  occur  until  the 
spectrum  tail  overlaps  the  ionization  threshold.  This  first  occurs  at 
about  2S0  A. 


Pig.  8.  Transmission  spectrum  through  a  200  A  aluminum  anode  adjoining 
600  A  Si02  layer,  as  shown.  Input  spectrum,  SiCh  -•  Al,  is 
characteristic  of  an  8  MV/cm  anode  field. 

in  Si02  sits  3.2  eV  above  the  Fermi  level  in  aluminum  and  the 
vacuum  sits  4. 1  eV  above  the  Fermi  level.  The  resulting 
vacuum  emission  spectrum  is  shown  in  Figure  8.  TTie  integral 
transmission  fraction  is  0.064  UKluding  energetic  secondaries 
from  the  aluminum.  No  high  energy  tail  exists  in  this  spectrum 
like  that  seen  in  experimental  data.  There  is  considerable  dis¬ 
cussion  of  that  experimental  data  in  Ref.  1  based  upon  the  exist¬ 
ence  of  pinholes  in  the  aluminum  layer,  and  indeed,  one  can 
reproduce  those  experimental  data  by  small  admixtures 
(-  0.08)  of  the  anode  spectra,  viz  Figure  4,  to  the  transmission 
spectrum,  viz  Figure  8. 
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Abstract  -  hVe  have  used  a  combined  magnetic  liquid  encapsulated 
Kyropoulos/Ciochralski  {MLEK/  MLEC)  technique  to  produce  twin-free  in¬ 
dium  phosphide  (InP)  crystals.  This  technique  has  advemtages  over  the  starui- 
ard  l£C  method  used for  commercial  production  of  InP  By  stabilizing  convec¬ 
tive  flows  with  a  magnetic  field  and  controlling  the  angle  between  solid  and  liq¬ 
uid,  one  can  grow  large  diameter  twin-free  {100)  InP  crystals,  they  are  shaped 
with  a  flat  top  as  is  typical  for  Kyropoulos  growth,  and  then  pulled  from  the 
magnetically  stabilized  melt  as  in  Czochralski  growth.  ThLs  shaping  method 
has  the  benefit  of  maximizing  the  number  of  single  crystal  wafers  which  can  be 
sliced  from  the  boule.  MLEK  InP  growth  is  distinguished  from  other  methods 
such  as  l£C  and  MLEC  with  respect  to  solid-liquid  interface  shape,  disloca¬ 
tion  density,  and  impurity  distribution.  This  process  has  demonstrated  that 
twin-free  InP  { 100)  crysuils  can  be  consistetuly  grown 


1.  HISTORICAL  DEVELOPMENT 

In  1926  Spyro  Kyropoulos*  reported  on  a  method  of  grow¬ 
ing  "large"  crystals  from  the  melt.  Kyropoulos  was  able  to 
demonstrate  single  crystal  growth  of  many  alkali  halides  from 
their  respective  melts.  His  technique  involved  dipping  an  air¬ 
cooled  shaft  into  the  melt  to  nucleate  a  clump  of  multi-crystal¬ 
line  material  and  then  raising  the  shaft  until  only  a  single  crystal 
remained.  By  cooling  the  melt  slowly,  a  flat-topped  crystal  was 
grown  and  subsequently  lifted  out  of  the  melt.  The  main  ad¬ 
vantage  of  his  technique  over  boat  growth  was  that  crystals 
grown  in  this  manner  were  free  from  the  possibility  of  fracture 
due  to  container  confinement  of  the  crystal.  In  1938  at  the 
Physical  Institute  of  Danzig  (now  Gdansk,  Poland)  Mor- 
genstem^  added  crystal  lift  and  rotation  to  Kyropoulos  growth: 
"The  vertical  growth  from  the  melt  as  shown  in  Fig.  1  (ibid)  has 
three  definite  stages.  (I)  The  rod  is  dipped  into  the  melt  and 
withdrawn  immediately.  Part  of  the  melt  adheres  to  the  rod  and 
draws  itself  into  a  thin  thread,  which  through  a  necking  proce¬ 
dure  similar  to  Bridgman  growth,  becomes  a  single  crystal.  (11) 
The  rod  with  the  attached  crystal  slowly  is  pulled  upward.  The 
single  crystal  begins  to  grow  and  forms  a  tetragonal  cross-sec¬ 
tion.  (HI)  The  third  stage  becomes  the  finished  single  crystal." 
Figure  1  is  ftxjm  this  1938  journal  publication. 

In  a  survey  of  crystal  growth  written  in  1946,  A.  F.  Wells'^ 
referred  to  three  general  methods  for  obtaining  single  crystals. 
Bridgman  growth,  Kyropoulos  growth,  and  solid  state  recrys¬ 
tallization.  Not  mentioned  was  the  Czochralski  technique, 
which  until  the  1 950 ’s  was  mainly  used  for  rapid  growth  of  thin 
metal  wires.  Czochralski  growth,  with  its  inherently  steep 
temperature  gradient  became  the  preferred  method  for  growing 


gennanium  and  silicon  in  the  1950's.  These  elemental  seinicon 
ductors  can  sustain  large  temperature  gradients  without  plastic 
deformation  or  fracture. 

After  a  lapse  of  several  years,  Kyropoulos  growth  was 
revived  as  new  materials  with  less  forgiving  physical  properties 
came  into  demand.  Bonner  and  van  Uitert'*  used  t!ie 
Kyropoulos  method  to  grow  strain-free  crystals  of  lead  oxide 
compounds.  It  was  also  used  to  grow  compound  semiconduc 
tors  with  low  thermal  conductivity  by  Jacob'  and  later  by 
Ahem^  et  al.  Their  methods  involved  cooling  the  melt  until  the 
crystal  came  into  contact  with  the  container  walls,  a  departure 
from  the  original  aim  of  Kyropoulos  growth. 

2.  KYROPOULOS  GROWTH  OF  INDIUM 
PHOSPHIDE 

We  have  adapted  the  Kyropoulos  method  to  indium  })hos- 
phide  growth  in  the  (100)  direction  making  use  of  a  magtietic 
field  to  increase  the  radial  temperature  gradient.  The  a.xial  tnag- 
netic  field  creates  a  more  stable  environment  for  crystal  growth 
by  reducing  turbulence  in  the  melt,  as  has  been  demonstrated 
for  magnetic  liquid  encapsulated  Czochralski  (MLEC).^  Com 
bining  magnetic  liquid  encapsulated  Kyropoulos  (MLEK)  w  ith 
MLEC,  the  crystal  is  grown  with  a  flat  top  roughly  two  inches 
in  diameter,  and  then  slowly  pulled  as  a  cylinder  60  mtn  in 
length.  Atop  view  of  a  (100)  InP  crystal  grown  by  tltis  techni 
que  is  shown  in  Fig.  2.  Controlling  the  shape  of  the  growing 
crystal  (a  side  view  is  shown  in  Fig.  3)  is  a  major  factor  in 
preventing  twin  formation. 

3.  EXPERIMENTAL 

The  apparatus  consists  of  a  non-magnetic  stainless  steel 
chamber  (see  Fig.  4)  containing  a  graphite  susceptor,  pow  ered 
by  an  rf  generator  and  coil.  Outside  the  chamber  a  torroid.il 
magnet  provides  an  axial  magnetic  field  up  to  4kG  at  the  cetiter 
of  the  hot  zone.  Fused  quartz  crucibles  70  mm  dia.  by  65  mtn 
high  are  used  to  contain  a  450  g  charge  of  indium  encapsul.ited 
with  80  g  of  dry  boron  oxide.  This  is  converted  to  570  g  of  InP 

o 

using  the  injector  process  at  550  psi  of  N2.  A  ( 1(X))  seed  6  mm 
square  is  used,  rotating  at  4  rpm  in  a  2kG  axial  magnetic  field  to 
initiate  growth  of  a  two  inch  flat  crown.  This  is  accomplished 
over  a  60  min  period  by  increasing  the  water  flow  through  the 
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pulling  rate  of  12  mnVhr  is  employed  to  pull  the  crystal  to  com¬ 
pletion. 

4.  RESULTS  AND  DISCUSSION 

InP  crystals  grown  by  the  MLEK  technique  have  been  char¬ 
acterized  and  compared  to  LEC  growth  to  determine  the  influ¬ 
ence  of  the  growth  environment  on  crystal  shape  and  disloca¬ 
tion  density  as  well  as  dopant  distribution.  Unlike  MLEC  crys¬ 
tal  growth,  where  a  cone-shaped  top  is  pulled  upward  through 
the  encapsulating  layer  until  the  crystal  teaches  the  desired  di¬ 
ameter,  the  crown  of  the  MLEK  crystal  is  grown  completely  be¬ 
neath  the  B2O3,  where  the  axial  thermal  gradient  has  been  mea¬ 
sured  at  19°C/  cm  in  contrast  to  135°C/cm  within  the  encapsu- 
lant.  We  have  found  that  twins  often  form  on  the  shoulders  of 
MLEC  crystals  when  pulled  up  through  the  encapsulant;  how¬ 
ever,  twirts  ate  rarely  found  on  MLEK  crystals  after  a  twin-free 
crown  is  formed.  If  a  twin  does  occur  on  the  flat  top  it  can  be 
quickly  detected  because  of  the  crystal’s  specular  surface, 
whereas  the  shape  of  an  MLEC  crystal  cone  makes  it  difficult  to 
discern  twin  formation  during  growth. 

A  crystal  was  cross-sectioned  and  prepared  for  NIR  transmis¬ 
sion  analysis  as  described  previously.^  The  solid-liquid  inter¬ 
face  shape  is  indicated  by  the  striation  pattern  in  Fig.  5,  follow¬ 
ing  a  single  striation  line  from  the  center  of  the  crystal  to  the 
outer  edge  at  the  two-inch  crystal  periphery.  The  crystal  forms 


an  ellipsoid  of  rotation  with  an  aspect  ratio  x/z=  1.6/1.  Tire  cur¬ 
vature  of  the  interface  indicates  a  steep  radial  gradient,  caused 
in  part  by  the  applied  magnetic  field.  Unlike  the  interface  shape 
of  LEC  crystals,  which  flattens  out  at  the  edge,  the  interface 
shape  shown  in  Fig.  5  remains  convex  to  the  periphery  of  the 
growing  crystal.  We  have  observed  that  this  shape  is  more  con¬ 
ducive  to  single  crystal  growth  tlian  the  sigmoidal  shaped  inter¬ 
face  which  is  typical  for  LEC  and  MLEC  growth. 

In  other  respects,  such  as  dislocation  density  and  dopant  dis¬ 
tribution,  MLEK/MLEC  crystals  are  very  similar  to  MLEC 
After  the  flat  crown  is  formed,  crystal  pulling  conditions  are  es¬ 
sentially  the  same  as  MLEC  growth.  The  dislocation  density 
was  determined  on  an  etched  { 1 CX))  wafer  cut  from  a  ( 1 00)  InP 
boule.  The  etch  pits  observed  on  micrographs  indicate  the  dis¬ 
location  density.  A  high  dislocation  density  lias  been  observed 
on  commercial  InP  crystals  grown  by  LEC,*^  and  the  radial  dis¬ 
tribution  varies  by  an  order  of  magnitude.  By  comparison, 
MLEK/MLEC  material  has  a  lower  overall  dislocation  density 
uniformity.  Figure  6  shows  a  comparison  of  the  radial  EPD  dis¬ 
tribution  between  MLEK  and  LEC  crystals  grown  without  a 
magnetic  field. 

A  tin-doped  InP  combined  MLEK/MLEC  crystal  was  grown 
using  a  Sn  concentration  in  the  melt  of  5E19  cm'  to  defennine 
the  effect  of  the  applied  magnetic  field  on  dopant  distribution.  A 
4kG  magnetic  field  was  applied  during  the  initial  stages  of 
growth  until  a  crystal  length  of  22  mm  had  been  grown.  Tlten 
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tlu'  iiiapiu't  was  tumed  off  and  llu*  cry  stal  was  pulled  to  coinple 
tioti  riiis  crystal  w;is  sliced  into  Hall  sej>nients  2.5  min  apart 
alonp  the  crystal  axis  to  <letennitie  the  net  free  carrier  concen 
tration,  n,  as  a  futiction  of  crystal  length.  I-igure  7  shows  n  as  a 
lunction  of  slice  {Kisition  in  the  Iwile.  For  high  carrier  concen¬ 
tration  and  reasonable  mobility  (  >  2000 em'/v  sec)  the  value  of 
n  is  approximately  Ni),  the  shallow  donor  concentration,  indi¬ 
cating  the  level  of  tin  dofianl.  Tin  incoiyxiration  has  Ix'en  stud¬ 
ied  III  TFC  crystals  grown  without  a  magnetic  field,  and  wc 
h.ive  found  an  effective  distribution  coefficient,  k  ^  0.02.  Tlie 
concentration  of  tin  ex(x‘cted  in  the  first  to  freeze  InP  crystal 


grown  by  standard  LFC  growth  is  shown  on  Fig.  7  .is  k  ('/  The 
dopant  concent  nit  ion  in  the  M1.EK  InP  crystal  is  higher  than  for 

l. FC  and  remains  unifonn  until  tlie  magnetic  field  is  lunieii  off 
With  the  field  off,  the  concentration  incre.ises  m  the  ty|iical 

m. inner  of  non  magnetically  stabilized  LFC  crystals  The  ap 
plied  magnetic  field,  rather  than  tlie  crystal  shape,  seems  to  con 
trol  dopant  incorporation  as  this  result  is  similar  to  results  ob 
tained  on  MLEC  InP  crystals. 

Controlling  the  theniial  geometry  of  the  crystal  growth  envi 
ronment  makes  it  possible  to  grow  (100)  InP  In  the 
MLEK/MLEC  process.  The  physical  shape  of  InPcr%sials 
grown  by  the  combined  MLEK/MLEC  technique  is  the  ine.ins 
by  which  twin  fomiation  is  controlled.  Tliere  are  several  ad\  .in 
tages  for  MEEK  growth  of  twin  free  InP crystals.  ( 1 )  With  ni.ig 
netic  stabili/ation,  it  is  (xissible  to  control  the  shajx*  of  the  solid 
li(|uid  interface  'I\vin  nucleation  is  less  likely  when  a  convex 
interf.ace  is  maintained,  and  it  appe.ars  that  an  asjx'ci  r.itio  ol  1  6 
is  sufficient  to  reduce  the  probability  of  tw  inning,  although  this 
may  not  be  the  optimized  growth  condition  (2)  The  MI.l'K 
growth  environment  induces  a  smaller  amount  of  liiemial  .stress 
than  non  magnetic  EEC.  Since  the  growth  interface  is  below 
the  encapsulating  layer,  the  axial  temperature  grailieiit  is  low 
during  the  first  stages  of  growth,  and  becomes  higher  only  w  hen 
pulling  is  initi.ited.  Despite  the  effect  of  a  steep  radial  gradient, 
MLEK  crystals  show  a  uniform  dislocation  density,  a  f.iclor  of 
two  lower  tlian  LEC  material.  (.1)  Magnetically  stabilized  InP 
melts  contribute  to  a  homogeneous  dopant  distribution,  Ixith  for 
MLEK  atui  MLEC  growth,  with  an  effective  segregation  cix-f- 
ficient  closer  to  unity  than  is  found  for  standard  LEC  growth. 
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5.  CONCLUSION 


6.  REHERENCES 


Since  its  invention  in  1926,  Kyropoulos  growth  has  suc¬ 
ceeded  in  producing  crystals  not  easily  grown  by  other  meth¬ 
ods.  Crystals  which  are  prone  to  plastic  deformation  at  high 
temperatures  are  naturally  suited  to  this  technique.  We  have 
demonstrated  the  MLEK  technique  for  producing  fnP  (100) 
crystals  with  uniform  dislocation  density.  The  flat  top  growth  is 
shown  to  be  favorable  for  twin-free  growth  of  InP,  and  also 
maximizes  the  yield  of  single  crystal  wafers  from  each  boule. 
MLEK  growth  is  distinguished  from  MLEC  growth  primarily 
by  the  shaping  technique,  which  is  made  possible  only  by  mag¬ 
netic  stabilization  of  the  melt.  The  applied  magnetic  field  aids  in 
growth  control,  which  is  essential  for  obtaining  twin-free  crys 
tals  with  low  dislocation  density. 
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Abstract  -  We  derive  the  Lagrartgians  and  equations  of  motion  for  the  junction 
phase  differerutes fora family  of coupled  Josephson  junction  devices.  These  can 
be  considered  as  the  long  Junction  versions  and  generalizations  of  the  three 
coupled  Josephson  device  first  introduced  by  Likharev.  The  possible  two-field 
kink  solutions  for  the  long  three  coupled  Josephson  junction  device  and  three 
field  kinks  for  the  long  six  coupled  Junction  device  are  derived  The  two  field 
kinks  are  fourui  to  exist  in  equal  mass  families  having  SU(3)  and  SU(4)  symme¬ 
tries  respectively.  With  an  external  magnetic  flux  present  of  magnitude 
=  <ho/2,  where  <t>o  =  h/2c  is  the  flux  quantum,  the  kinks  of  the  3  Junction 
system  have  1/3  and  2/3  fluxon  subkinks  that  behave  like  quarks,  e.g.,  exhibiting 
pernuinent  confinement..  A  collective  coordiiuite  description  and  time-depen- 
dr  nt  one  dimensioruil  rutmerical  solutions  for  various  kink  collision,  conver¬ 
sion,  decay,  and  internal  excitation  processes  are  presented 


1.  INTRODUCTION 

The  coupling  of  small  Josephson  junctions(JJ’s)  in  various 
topological  configurations  has  led  to  a  variety  of  interesting  and 
useful  devices  e.g.,  DC  and  AC  Squids,  phase  locked  arrays’, 
the  DC  flux  parametron  ,  and  other  logic  devices.  In  the  present 
work  we  will  consider  what  are  essentially  the  long  junction 
versions  of  squid  type  devices.  The  equations  governing  their 
behavior  consist  of  coupled  sine-Gordon  equations.  We  solve 
the  set  of  coupled  equations  numerically  using  an  explicit  leap¬ 
frog  method  and  by  a  simple  collective  coordinate  model.  Other 
systems  such  as  the  model  for  mechanical  vibrations  of  DNA^, 
lines  of  coupled  pendula,  the  SU(n)  Thirring  model‘*,  and  the 
chiral  invariant  Gross  Neven  model^  can  be  cast  into  the  same 
form  as  the  JJ  systems.  What  emerges  from  the  study  of  these 
systems  is  an  array  of  new  kink  types  and  interactions,  among 
them  fractional  fluxon  subkinks  that  act  like  pennanently  con¬ 
fined  lines  rather  than  (xjints  of  degenerate  vacuum. 


Fig.  1.  Configuration  of  coupled  superconducting  elements  for  a)  N'2, 
b)  N-3,  c)  N-4  elements. 


[(J)  ] .  with  f;  [(t>  ]  =  1-  cos[(j)(z,t)] ,  (1) 


where  Jc  is  the  critical  current  density  for  the  long  JJ  and 
«I>  =  h/2c  is  the  magnetic  flux  quantum.  The  Lagrangian  den¬ 
sity  can  be  written  as 


where  Q,  and  Lo,  are  the  capacitance  and  inductance  per  unit 
length  of  the  junction  and  tOp  and  Aj,  are  the  plasma  frequency 
and  Josephson  penetration  depth  of  the  junction.  Variation  of 
the  Lagrangian  density  then  yields  the  sine-Gordon  equation  of 
motion  for  (j)  as 

<j>,«  -  <t>,zz  =  sin[(})(z,t)] ,  (3) 


2.  N=  3  COUPLED  SUPERCONDUCTING 
ELEMENTS  ENCLOSING  FLUX  =  0 


where  we  have  taken  Wp  ‘  and  Xj  to  be  the  unit  time  and  length. 
With  these  units  the  Swihart  velocity  c  is  given  by 


Some  possible  configurations  for  N=  2,  3,  4  coupled  super¬ 
conductors  and  the  JJ’s  fonned  by  placing  oxide  layers  between 
all  pairs  of  proximate  superconductors  are  shown  in  Fig.  1.  The 
case  N=  2  is  that  of  a  single  JJ.  Elongating  this  configuration  in 
the  z  direction  yields  the  long  junction  shown  in  Fig.  1  a.  The  po¬ 
tential  energy  in  terms  of  the  phase  difference  across  the 
junction  is  given  by 
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Tlie  equation  of  motion  for  a  single  kink  can  then  be  written  as 

:♦])-“  nw.  (5) 

which  can  be  looked  upon  as  the  Newtonian  equation  of  motion 
for  the  "spatial"  coordinate  ({)[i^]  of  a  point  particle  of  unit  mass^ 
as  a  function  of  the  "time"  coordinate  The  kink  solutions  that 
connect  two  adjacent  minima  of  the  potential  U  ((KC)]  as  ^ 
goes  from  to  ^=+°°,  can  thus  be  thought  of  as  describing 

tile  motion  of  a  point  particle  in  the  potential  V[<J)]  as  it  travels 
from  one  peak  of  V[(j)]  at  ^=-<»  down  and  up  to  an  adjacent 
peak  at  For  the  sine-Gordon  equation  these  solutions, 

detennined  by  a  simple  integration,  are  the  well  knowm  kink 
and  antikink  given  by 

‘an  '‘expffz-vtl/f]'' 

<i>KiO"  4  tair''exp(  “  (z-vt)/f]!  (6) 

with  f  =  Y  '  =  i/  1  -v"  , 

where  we  have  re-expressed  the  ^  coordinate  anticipating  a 
generalization  of  f  =  y  '  • 

Tlie  system  consisting  of  N=  3  coupled  superconductors  was 
first  considered  by  Likharev^.  The  system  was  subsequently 
studied  by  Strenski  atid  Doniach  who  derived  the  Lagrangian 
and  equations  of  motion  assuming  negligible  circuit  and  self  in¬ 
ductances  and  investigated  the  non-zero  voltage,  zero  external 
magnetic  field  case.  The  Lagrangian  for  the  system  of  three 
small  coupled  JJ's  as  shown  in  Fig.  lb,  is  given  as 


l-ig.  2.  Scgineiit  (i)  of  a  diffrrciitial/pciululum  lint-  (iioU-:  IViuUila  1,2, 
3.  and  gears  C  arc  secured  lo  sliafls,  all  differeiilial  gears  and  It 
gears  are  on  bearings) 

Using  Stoke 's  theorem  to  reexpress  the  line  integral  of  the  vec¬ 
tor  potential  A  in  tenns  of  the  total  enclosed  magnetic  flux4> 
gives 

(J>3  =  (]>i  -  (J>2  +  2n<I>/‘t>o  ~  2nn  ,  (9) 

Including  tliis  constraint  by  means  of  a  Lagrange  multiplier  X, 
then  yields  the  Lagrangian 

L[<))]  =  Y  ( 1,,)^  +  (^tj)  2j)^  +  3,r)‘] 

<I>0 

-  — (Ic(  I  -  cost!))  )  Icfl  -  COS(j)2)  +  jc(l  -  COS(J>3)l 
271 

271 4> 

+  X(())3+ (})2+ ())|  - -^  +  27:n  )  (10) 


1  4>o  1  ‘to  ■>  ‘I>()  1 

L[4))  =  “CK  —  (til,,)  +  (-—  (t*:,!)-  +  ( <t>i.f  ■  <t>2,,)‘] 

2  2n.  271  2;t 

‘ho 

-  “[fcill  -  COS(l)l)  +  Jcj(l  -  COS(t)2)  +  jc(l  -  COS(<t)l  -  (t)2))] 
271 

(7) 

where  we  shall  take  Jc,  =  Jc,=  Jc  and  je  as  the  critical  Joseplison 
currents  for  tlic  three  jiuictions,  and  C,  C,  and  qC  as  the  capac¬ 
itances  of  junctions  I,  2,  3  respectively.  In  wliat  follows  we  as¬ 
sume  that  all  circuit  and  self  inductances  can  be  neglected. 

Tlie  I-agningian  in  Eq.  7  may  also  be  derived  by  considering 
it  as  the  siun  of  the  Lagrangians  for  each  of  the  three  junctions, 
along  with  the  Bohm- Aharonov  constraint  that  the  line  integral 
of  the  canonical  momentum  taken  around  a  circuit  passing 
within  the  interior  of  each  of  the  super  conductors  equal  27tn. 
TIms  constraint  may  be  written  in  tenns  of  the  gauge  invariant 
phase  <t)  as"* 

(Jn  ’  (J).’  (t).i  ‘  2^jJ^A*cI(^  27111 .  (8) 


and  the  equations  of  motion 

••  I  +  n  riJ  i  271(1* 

(11) 


where  we  have  taken  toi. 


27iJc„  1 

(  ,  „  )2  as  the  unit  of  time  and 
(toC 


J=  and  j=  jc/Jco  as  junction  critical  currents  with  resix-ct 

to  the  reference  current  h,,  appeanng  in  .  For  0  the 
above  equations  of  motion  are  identical  to  those  following  from 
the  lagrangian  L[(l>]  in  Eiq  7. 


A.  Coupled  pendula  tuodel. 

The  mechanical  equivalent  for  the  single  junction  is  .i  simjile 
(x*tidiilum***  with  rotation  angle  (J>  Tlie  mechanical  e(|uivalent 
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for  the  N=  3  case  is  a  system  of  two  pendula  coupled  by  a  dif¬ 
ferential  gear  with  an  attached  pendulutn,  to  yield  the  temi 
( 1  -  cos(<J)i  -  (}>2  +  2ii<l>/ tto))  itt  the  potential  etiergy,  as  shown 
in  Fig.  2.  The  external  tnagnetic  flux  tl>  is  included  by  setting 
the  initial  phase  relation  between  the  tliree  pendula  [an  extra  2 
to  1  coupling  gear  C  is  necessary  since  one  revolution  of  gear  B 
results  in  only  1/2  a  revolution  of  tlie  differential  pendulutn]. 


initial  state  of  kinks  [K .]  or  antikinks  [Ki]  on  line  1  well  sepa¬ 
rated  ffotn  K2's  and  Ka’s  on  line  2  can  be  written  dowti  as  ati 
exact  initial  solution.  In  what  follows  we  shall  take  r)= j.  Asche- 
tnatic  drawing  of  a  kink  on  line  2  colliding  with  an  oppositely 
directed  antikink  on  line  1  is  shown  in  Fig. 3.  Since  the  tnag¬ 
netic  field  due  to  a  spatial  gradient  in  the  phase  of  a  junction  is 
given  by 


B.  Long  junction  equation  of  motion. 


B 


-  nxV(|), 


(15) 


Both  the  mecltanical  and  superconducting  juttction  systetits 
may  be  considered  as  elemetits  iti  a  line  of  contiected  eletiients 
in  analogy  with  the  sine-Gordon  case^.  Taking  the  litnit  of  a  line 
of  such  junction  eletnents  yields  the  long  junction  shown  in  Fig. 
lb.  We  shall  assume  that  the  capacitances  per  unit  letigth  of  the 
long  junctions  1,  2,  and  3  are  Co,  Co,  and  qCo  respectively 
wliile  the  corresfxsnding  inductances  per  unit  lengtli  are  Lo, 
and  L(Vn  The  Swihart  velocity  c  =  'ICqLq  will  thus  be  the  satne 
for  all  three  junctions.  The  equations  of  motion  will  then  be 
given  by  Eq  11  with  d  /dC  replaced  by  the  D'Alembertian 

d"  /d^  -  d"/ dz"".  The  ratios  I  and  j  retain  the  same  meaning  as 
in  the  short  junction  case  when  jc,  Jc,  and  J<  o  ate  replaced  by  the 
corresponding  current  detisities  Jr,Jc,  and  Jc^.  The  constraint 
equation 

4)3(z,t)  =  (|)i(z,t)  -  4>2(z,t)  +  2n‘lJ/<lJo  +  2rtn  (12) 

is  thus  maintained  at  each  field  point  ;  along  the  lengtli  of  the 
line. 

Taking  into  account  the  constraint  of  Eq  12,  the  Lagrangian 
density  for  the  long  system  for  N=3  may  be  written  as 

f  [(j)(z,t)]  =  JrJ~)  f^[(4>i,i)‘  t  (4>2..)^  +  -  4>2..)^] 

-  J(  1  -cos<t)|)  -  J(  1  -cos4>2)-  j(  1  -cos((t)|-  4)2+  2re4)/4>())) 

(1-^) 

with  the  equations  of  motion  as  stated  above  being  given  by 
Eq  1 1  with 


—  ((p/.ti  ~  4>i..-’z) ,  i=  1,2.  (14) 

C.  Flux  loop  picture  of  kink  excitations 

The  simplist  equation  for  the  N^3  system  with  ‘I*  0  is  that 
with  4>  2=^0  on  line  2  and  a  sine  Gordon  kink  on  line  I  .Since  an 
equivalent  situation  can  lx*  maintained  on  line  2  with  <i>i  ^  0,  an 


where  n  is  a  unit  vector  directed  from  the  4>(  ~  )  to  the  4)(  +  ) 
superconductor,  the  magnetic  field  of  the  4>2  kink  is  in  the  +  y 
direction  while  that  of  the  4>l  antikink  is  in  the  -  y  direction.  Tlie 
phase  difference  across  junction  3  is  given  by  the  constraint 
condition  of  Eq.  12.  Since  we  are  assuming  tliat  the  external  B 
field  is  constant  along  the  z  direction,  taking  the  z  derivative  of 
Eq  12  yields  the  magnetic  field  in  the  third  junction  as 

S3  -  Bi  ~  B2  (16) 

where  the  directions  for  the  flux  lying  within  the  tliird  junction 
are  indicated  in  Fig.  3.  By  connecting  up  the  contribution  of  the 
flux  of  K2  in  junction  3  with  the  K2  flux  in  junction  2,  the  K2 
kink  may  be  thought  of  as  a  flux  loop  traveling  down  supercon¬ 
ductor  2  with  similar  considerations  holding  for  the  K  flux  loop 
on  superconductor  I .  The  interaction  of  the  two  flux  loops  may 
then  be  considered  as  taking  place  injunction  3  where  the  inter¬ 
action  energy  is  the  sum  of  a  magnetic  interaction  tenn 


"  1  <t>2,j  and  a  tenn  coming  from  the  junction  potential  en 

ergy  j(  1  -  cos(4)|  ”  4>2  +  ‘I’))-  For  a  K1-K2  interaction,  the 
nwgiietic  interaction  tenn  will  be  positive  resulting  in  repulsion 
of  the  two  magnetic  flux  loops,  while  a  Ki  K2  interaction  will 
be  attractive.  Tlie  flux  loop  picture  is  also  consistent  with  two 
kinks  on  the  s,ame  line  having  a  repulsive  interaction  and  w  ith  a 
kink  and  antikink  interaction  lx*ing  attractive,  as  is  well  known 
from  the  sine-Gordon  case. 
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We  have  niuiierically  solved  the  equations  of  tiiotion  for  the 
coupled  JJ  systettis  using  a  tnodifted  version  of  the  explicit 
leapfrog  method  developed  for  the  double  sine-Gordon  equa- 
tiott  by  Ablowitz,  Kruskal,  and  Ladik* '  The  resvilts  for  a  sine- 
Gordon  kink  on  line  1  with  velocity  v  =  +  .35c  colliding  with  a 
sine-Gordon  kink  on  litie  2  with  v  -  -  .35c  are  shown  in  a  sur¬ 
face  plot  of  4)i(z,r)  in  Fig  .4.  At  the  tnotnetit  of  itnpact,  a  burst 
of  radiation  is  emitted,  which  subsequently  travels  along  the 
light  cone  to  the  boundary  where  an  absorbent  boundary  condi- 


I'lj:  4.  Siirl'.icc  plot  of  (ti|(^,t)  for  KiA.':  collision,  v  =  -  (I  <  01  <  2n. 
-  20  <  /.  <  20,  0  <  I  <  40  Tiim's  iiicrca.vs  louiinl  llu'  viewer. 


tion  has  been  imposed.  T!\is  is  followed  by  a  slower  moving 
wake  filling  in  the  light  cone.  'Hie  two  kinks  apfXMr  as  though 
they  have  become  excited  internally  by  the  collision,  exhibiting 
a  teetering  motion.  T*’-*  teetering  motioti  is  e.s.sentially  what  is 
modeled  by  the  collective  coordinate  l(t)  in  the  collective  cewr 
dinate  motiel  to  be  described  Ix'low,  atid  can  be  considered  as  a 
linear  interaction  of  the  kink  with  the  Klein  Gordon  wake. 

The  slope  at  the  center  of  a  sine-Gordoti  kitik  of  Fx]  6  is  de 
tennined  by  f,  which  equals  the  Ixsrentz  factory  '  if  it  is  freely 
propagatitig,  and  reflects  the  Lorentz  contractioti  of  the  kink  -  a 
large  velexrity  implyitig  a  large  y  atid  therefore  a  small  kink  with 
a  large  slope  at  the  origin  If  a  sine  Gordoti  kink  solutioti,  w  hich 
cannot  sup(K)rt  an  excited  state,  is  put  in  w  ith  a  slojre  at  itscetiter 
that  is  tiot  given  by  f  =  y  the  kitik  will  emit  a  short  burst  of  ra 
diatioii  and  begin  teeteritig  The  cotitinuiim  modes  with 
n)>  m  1  are  able  to  radiate  away,  while  those  wiih  ii)<  m  -  1 
are  the  evanescetit  wake  tnodes  which  travel  at  very  low  vekx: 
ities  atid  dimmish  as  expf  kz)/z.  lliese  two  com(xitietit.s  cati  U* 
clearly  seeti  in  the  expre.ssioti  for  the  Klein  Gordon  Cireeti’s 
functioti 


(the  sine-Gordoti  Green's  function  has  very  similar  asymptotic 
behavior*^).  If  a  sine  Gordon  kink  is  put  in  the  path  of  the  wake 
of  a  distant  disturbance,  it  will  begin  teetenng  indicating  that 
this  motion  can  be  cotisidered  as  a  superpositioti  of  the  Klein 
Gordon  wake  and  the  kink. 

Wliile  the  coupled  system  is  not  exactly  ititegrable  iti  gen 
eral^,  a  reasonably  good  description  of  interactions  between 
single  kinks  can  be  obtained  using  the  collective  coordinate 
model(CCM)  used  by  Rice*^  in  the  case  of  the  perturbed  sine 
Gordon  equation.  Tlius  we  start  with  the  solutions  for  Ki  and 
Ky  written  as 


<])i  =  4tan  'iexp[(z  -  3(t))/f(t)]; 

<1)2  =  4tan  ‘  exp[tz  -  3(t))/ i(t))  (18) 

where  3(t)  is  a  collective  coordinate  representing  the  kink  posi 
tions,  while  f(t)  is  an  internal  coordinate  to  describe  kitik  inter 
nal  excited  states.  Tlie  Lxigrangian  for  a  Ki-Ky  collisioti  is  then 
obtained  by  itiserting  the  exact  initial  state  4i  =  Ol  ^  ‘+>2  i'l'o  'he 
Lagratigiati  of  Eq  13  and  integrating  over  z.  This  yields  the  ef 
fective  Ixtgratigian 

FkkISIO,  fft)  ]  =  7KK[3.n  “  fKK[i.l].  (l‘>) 

where  7  atid  I  are  giveti  by 


,  ,  .  8(1*  n).n“y"  ^2  2)  ,8  •_  ,  ■> 

JA'A(,2.Y)  ^ - ■'  *  nf-tv-;  r  ll 


^  ,  q[-(yj  ^  j) 
y  12y‘  y 


-7 


,(4y-y  ^.-)H^i;,)i, 


UA'ITy.y)  =  8y  I  ♦  n(  I  1  q(  I  -  shlf)) 


I  *  |[1  f  ''hb 

Y 


(chlO 


1)1 


(20) 

withy(t)  "  I  '((t)  atid  Q  ^  2y3 

A  contour  plot  for  this  ixitetitial  is  show  n  in  I  ig  5 

To  effect  the  collision,  the  initial  conditions  on  ;(0),  ;(0l, 
1(0)  and  ,(0)were  lakeii  as: 


6(t  lz|) 

l/l 


t(/l'  z')0(l  1z|M17) 


,j(0)  5,  '^(0)  V,  1(0)  1  /(  I  V')  ,i(0) 
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I'ij;  5  Coiiloiu-plol  of  lAAiS-fl 


where  the  initial  separation  2  +  ‘g(O)  was  chosen  large  enough 
to  insure  that  the  two  kinks  were  .  irtually  non -interacting  at 
t  ^  0.  For  a  range  of  initial  velocities  ranging  from  v  =  -  ,999c 
to  a  tlireshold  velocity  at  v  =  -  .325  c  ,  the  tcinks  attract  but  will 
possess  enough  kinetic  energy  to  prevent  formation  of  a  bound 
state.  In  Fig, 6  we  have  shown  a  K-K  collision  with  v  =  -  .35c 
where  the  collective  coordinate  P(t)  can  be  seen  being  set  into 
motion  at  the  moment  of  impact  ('^(t)  =  0  ). 


{•1^  0  Plot  of  tt)ilcctivc  ciKfrdin.'iirs  him!  ^{\)iox  a  Ki  *  K; collision. 
V-  35 


For  velocities  lower  than  v=  Vc  as  shown  in  Fig.  7  for 
V  ^  -  3  c,  it  can  be  seen  that  after  the  first  collision,  the  two 
kinks  lose  energy  to  the  internal  oscillation,  attract  and  fonn  a 
bound  pair  and  after  two  or  more  repeated  collisions,  where  en¬ 


ergy  can  pass  to  or  from  the  internal  oscillation,  gain  enough  ki¬ 
netic  energy  from  the  internal  oscillation  to  move  apart.  Upon 
collision,  the  internal  coordinate  is  excited  with  a  new  ampli¬ 
tude  that  depends  on  its  phase  at  the  time  of  collision.  A  de¬ 
crease  in  the  initial  velocity  may  then  move  tlie  system  into  a  re¬ 
gion  where  the  kinks  are  virtually  never  able  to  gain  enough  en¬ 
ergy  to  separate  and  can  thus  be  practically  considered  as  a 
bound  pair.  Inclusion  of  radiation  losses  in  the  model  would 
change  this  to  a  permanently  bound  pair. 


l-ig.  7.  Plot  of  collcclivc  coordiiialcs  P(l)  and  'Jd)  for  a  Ki  -  Kj  collision, 
V-  -  .3. 

Similar  behavior  was  found  in  the  (j)"*  and  double  sine-Gordon 
models  by  Campbell,  Shonfeld,  and  Wingate  who  carried  out 
a  detailed  study  of  "n  bounce  resonance  windows"  and  devel¬ 
oped  a  semi-phenomenological  theory  for  various  aspects  of 
resonance  scattering  stmcture.  A  similar  analysis  can  be  carried 
out  for  the  present  model  yielding  for  example  an  expression 
for  T(v),  the  time  between  the  first  and  second  impa  's  in  the  2 
bounce  window  as  a  function  of  incoming  velocity 

Tfv)  =  a// Vc  -  v^ ,  a-  2.64  (21) 

that  agrees  reasonably  well  with  computed  values  as  shown  in 
Fig.  8. 


t  ig  K  Plot  of  T(v),  iIk-  linic  tx-lwexii  two  rcfx-alcxl  collisions,  versus  milial 
veUxily  v,  as  givni  in  I'xj  2 1  Plotted  points  an-  values  conumled  using 
Uie  (XA1  model 
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As  another  way  of  viewing  K-K  collisions,  we  have  plotted  For  this  case  K  and  K  will  collide  and  rebound  for  velocities 

the  orbits  of  the  motion  in  ”3  ~  f  space  for  the  CCM  potential  v<  Vc,  while  for  v>  Vc  they  pass  through  each  other.  The  CCM 

Eq.  19  shown  in  Fig.  5.  In  Fig.  9.  we  show  a  parametric  plot  of  yields  fairly  good  estimates  for  both  vc  and  Vc  compared  with 

the  orbit  in  'g  -  ( space  for  the  K1-K2  collision  of  Fig.  7.  In  Fig.  the  values  obtained  using  the  full  numerical  model  namely, 

10  we  have  plotted  a  closed  orbit  with  E  =  27.6  and  an  average  |vc(CCM)  =  -  .235c,  Vc(Num)  =  -  0.33c  | 

frequency  of  co=  .978.  Because  there  is  no  radiation  mecha¬ 
nism  in  the  simple  CCM  model,  inclusion  of  radiation  los^asJBlCM)  =  -  .463c,  Vc(Num)  =  -  0.425c  J  for  r]  =  .9  . 
a  closed  orbit  like  that  of  Fig.  10  will  cause  it  to  decay  and  be¬ 
come  non-periodic. 


[■'ig  9  Pardiiicinc  plot  of  collective  coordinate  ((l)  (ordinate)  versus 
'3(1)  (abscissa)  for  v  -  -3,  0  <  t  <  140 


Fig.  10.  Faranictric  plot  of  collective  coordinate  Ht)  (orditiate)  versus3(0 
(abscis.sa)  for  E  -  27.6,  0  <  t  <  600 


For  the  case  of  a  repulsive  K-K  collision,  the  effective  ki¬ 
netic  and  potential  energy  calculated  using  CCM  are  given  by 

^  ^  -  n 

aiKK[y’,f]=87[i +n(  1  +C/sh(C))]+-[i  +j(  1  -c/shfOx^SSr)! 

7  ch(Q-l 

with  7  =  1/5  and  ^  =  2Y§.  (22) 


D.  Kink  Symmetries. 

To  investigate  the  other  possible  kink  states  available  few  the 
N=  3  system  we  plot  the  effective  potential 
f'<l>[4>i,(j>2]  =  -J(l  -  cos(tj)i))  -  J(1  -  cos((t)2)) 

-  j(  1  -  cos(4)i  -  4)2  +  2n4>/<I>o))  (23) 


Fig.  U.  Plot  of  the  potential  V[(t)i,(J>2]  given  in  Eq.  23  with  J-j-1. 


as  a  function  of  (|)i  and  4)2  as  shown  in  Fig  .11  for  <I>  =  0.  The 
possible  kink  states  are  those  that  connect  adjacent  peaks  la¬ 
beled  as  A,  B,  C  etc.  Thus  the  Ki  and  K2  kinks  discussed  above 
could  be  foimed  by  motion  of  a  Newtonian  particle  moving  in 
V(4)i,4>2)  Ifom  E-*F  and  F-*C  resjjectively.  The  rest  mass  for 
both  Idnks  is  given  by  E  =  16.  There  is  a  third  series  of  sine-Gor- 
don  kinks  that  lie  along  the  diagonal  4)|  =  4)2-  Since  the  differ¬ 
ence  terms  in  the  Lagrangian  drop  out  for  4)i  =  4)2.  the  equations 
of  motion  reduce  to  a  sine-Gordon  equation  on  each  line.  Thus 
the  EC  kink  will  have  the  same  energy  as  the  EF  and  FC  kinks 
and  can  be  considered  as  a  bound  state  of  EF  and  FC  with  bind¬ 
ing  energy  Eb  =  16  supplied  by  the  EF-FC  attractive  bond.  In 
terms  of  flux  loops  it  can  be  considered  as  a  (negative)  2n  flux 
loop  around  the  third  superconductor.  This  can  be  seen  by  ex¬ 
changing  the  Ki  antikink  and  its  (negative)  anticlockwise 
flux  loop  in  Fig.  3  by  a  Ki  kink  with  a  (positive)  clock- 
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wise  flux  loop.  The  Ki  and  K2  flux  loops  will  then  cancel  in  the 
3  junction  and  the  resulting  flux  loop  can  thus  be  considered  as 
an  equivalent  anticlockwise  flux  loop  encircling  superconduc¬ 
tor  0. 

It  is  clear  that  while  the  energies  for  the  kinks  EC,  EF,  and  FC 
are  equal,  the  topological  invariants  for  the  total  magnetic  flux 
defined  by 

<Po  <Pa 

A(t>,  =  —  J  <|h,i  dz  =  [<|»i(<»)  -  °°)]^  (24) 

are  different  for  the  three  states.  For  the  EC  kink,  A4)i  =  1 
fluxon  and  A(l>2  =  1  fluxon.  For  the  EF  lank  A(t)i  =  1,  A<{)2  =  0 
while  for  the  FC  Idnk  A4>|  =  0  and  A(t)2  =  1  fluxon.  Since 
their  energies  are  degenerate  these  three  states  may  thus  fonn  a 
3  representation  for  the  SU(3)  group  while  their  antildtrks  CE, 
CF,  and  FE  form  a  3  representation.  An  indication  of  why  this 
occurs  can  be  given  in  terms  of  the  connection  of  the  present 
model  with  the  bosonized  SU(N)  Thirring  model  to  be  dis¬ 
cussed  in  the  next  section. 

From  the  symmetry  of  V[<{)i,(t)2]  it  can  be  seen  that  motion 
from  A  to  E  will  lie  along  the  line  (J)i  +  (i>2  =  4n  .  Inserting  this 
as  a  constraint  in  the  Lagrangian  leads  to  the  equation  of  motion 
for  (t)i 


4>1.h  -  4>i.xt  =  -  ,  sin<t»i  -  sin(24)i),  (25) 

1  +  2q  1  +  2r| 

which  is  the  double  sine-Gordon  equation.  The  AE  kink  is  thus 
one  of  the  known  stable  kinks  of  the  double  sine-Gordon  equa¬ 
tion  [cf  Condat  Guyer*^]  that  can  be  obtained  by  a  simple  inte¬ 
gration  of  Eq  25  and  is  given  for  q= 1  by 

4)|  =  2  tan  '(■^j^oth[7(Ar-vr)//F]} ,  4)2  =  -  4>1.  (26) 

As  will  be  seen  below  however,  in  the  context  of  the  coupled  JJ 
system,  the  AE  kink  is  unstable. 

The  two  kinks  DC  and  GB  are  also  double  sine-Gordon  kinks 
but  it  is  not  evident  from  the  contour  plot  of  V[4)  1,4)2]  that  a 
straight  line  connecting  D  to  C  would  be  the  path  taken  by  the 
motion  of  a  particle  moving  from  D  to  C  since  potential  con¬ 
tours  are  not  crossed  at  right  angles.  The  origin  of  this  problem 
is  the  cross  term  ri(4)l,t  “  4*2.1)^  tti  the  Lagrangian.  By  trans- 
fonning  to  orthononnal  coordinates  [vi,'g2]  that  diagonalize 
the  kinetic  energy  term 

\y  I  =  (4)|  +  4)2)//2"  ,H/2  =  '^1  +  2ri  (4)1  -  4)2)//? ,  (27) 


the  Lagrangian  may  be  reexpressed  as 


4>o 
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~{('*'l.i)^+  (V2.tf*  (vi.if  +  ('V2,z)^j  +  V[\(7] 


(28) 


0  5  to  15  20 


Fig.  12.  Plot  of  the  potential  m  E<1  23  as  a  function  of 

I'l'i.'t'z)  where  are  related  to  ((>1,(^2  by  Eq.  27. 


AplotofV[\gi,\j/2)asafunctionofv|/i  and  V)/2  is  shown  in  Fig. 
12  indicates  that  the  paths  DC  and  GB  are  indeed  straight  lines, 
and  by  implication  (since  4)i  and  tgi  are  linearly  related)  that  the 
paths  DC  and  GB  in  Fig.  1 1  are  also  straight  lines.  From  the 
symmetry  of  V[\|/i,t|»2]  it  can  also  be  seen  that  AE,  DC,  and  GB 
are  simply  rotated  versions  of  the  same  state  and  a  calculation 
of  their  energies  shows  them  to  be  equal  with  E[AE]  = 
E[DC]=E[GB]=37,  which  makes  them  potentially  unstable 
against  breakup  into  lower  energy  kinks. 

A  plot  of  the  potential  energy  of  any  of  the  three  double  sine- 
Gordon  kinks  DC,  GB,  or  AE  using  the  CCM  gives  a  fxjtential 
that  is  confining  in  P  but  non-confining  in  %  with  a  saddle  at 
'g=0,  (=4/3.  Numerical  calculation  of  the  evolution  of  these 
double  sine-Gordon  states  bears  out  the  CCM  potential  and 
shows  them  to  be  unstable  as  well. 

3.  N=  3  COUPLED  SUPERCONDUCTING 
ELEMENTS  ENCLOSING  FLUX  =  ^0 

We  now  assume  that  an  external  magnetic  flux  has  been  in¬ 
troduced  along  the  z  axis  of  the  coupled  JJ  system  by  inserting 
a  Bohm-Aharonov  solenoid.  For  this  section  we  shall  choose 
‘I>=4>0/2  which  has  the  effect  of  shifting  the  origin  to 
4)1  =  n  and  4)2  =  rt  and  inverting  V[^,  but  otherwise  leaving  its 
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shape  intact.  This  can  be  seen  by  changing  the  new  coordinates 
reexpressing  the  phases  (J)i  and  <J)2  by  (J)'i  =  (j>i  -  rt 
and  (})'2  =  4>2  -  n  so  that  y<b^<t>o/2  [4>'i,<}>'2]  =-V<i>=o  [4>l.4'2]- 
The  static  kink  solutions  are  obtained  by  calculating  the  motion 
of  a  unit  mass  particle  connecting  the  peaks  of  V<i>=<i)o/2  labeled 
by  a,b,c...  The  solutions  for  the  stable  kinks  (ab,bc,cd,de,ef,fa) 
ate  given  below  (for  1)>  dropping  primes  henceforth  as 


topological  invariants  for  the  total  magnetic  flux  in  each  junc¬ 
tion  that  are  fractional  and  equal  to  1/3  or  2/3.  Tlius 


A(t)i 

A<|)2 

A(j)i  -  A(t)2 

A(l)i  +  A(|)2 

(ab): 

2/3, 

1/3 

1/3 

1 

(ef); 

-  1/3, 

-2/3 

1/3 

-1 

(aO: 

-  1/3. 

1/3 

-2/3 

0 

(j>2=  4)i/2  -  Ji/2  ; 


(be) 


(1)1=  2  tan 


th(y(x-vt)//8' 

I  /3  J  ■ 


<1)2=  2  <1)1+  71 ; 


(cd) 


(1)1=  -  2  tan 


-1  th(7(x-vt)/ 
^  /3 


(1)2=  -  <1)1  ■ 


(29) 


(30) 


(31) 


Each  has  energy  E  =  /2(6  -  27t//T)y  =  3.358y  .  The  unstable 
(ac)  and  (ad)  kinks  have  the  solutions 

(ac)  (1)1=4  tan"'[c^’‘ '  +  7i/3; 

(l)2=(l)i  -  271/3  .  (32) 


(ad) 


<t»i=  -  2  tan  [' 


1  coth(7(x- vt)//^^ 


/T 


1  ; 


(1)2=  2(1)1-  7t ; 


(33) 


and  their  energies  are  respectively 
£2=8/27=11.387, 

Ea^v/y- 6- (1+271/(3/3))=!  8.757.  (34) 


The  energies  of  (fb),  (fd),  (ea),  (ec),  and  (bd)  are  all  equal  to  E2, 
while  the  energies  of  (eb)  and  (fc)  are  equal  to  Ea,  which  is  ap¬ 
parent  from  the  symmetry  of  Fig.  12. 

While  each  member  of  the  multiple!  of  the  six  stable  kinks 
and  antikinks  has  the  same  energy  as  the  others,  they  each  have 
differing  values  for  fluxon  content  indicating  that  they  are  re¬ 
lated  by  a  symmetry  of  the  Lagrangian.  Unlike  the  integer 
fluxon  kinks  for  the  0=  0  case,  the  (ab),  (ef),  and  (af)  Idnks  have 


The  states  [ab,bc,...fa)  can  be  viewed  in  two  ways:  1)  They 
can  be  taken  as  the  3  and  3  representations  of  an  SU(3)  symme¬ 
try.  With  this  interpretation,  ab,  af,  and  ef  could  be  designated  as 
equivalent  to  SU/(3)  (flavor  SU(3))  u,  d,  and  s  quarks  with 
"charge"  given  by  the  (factional  fluxon  number  A(l>i .  The  corre¬ 
sponding  particle  physics  designations  of  hypercharge  Y  and 
isospin  component  I3  would  be  given  by  Y=A(})i-A(l)2  and 
l3=(A(l)i-A(l)2)/2  yielding  Q=l3+Y/2=A(l)i.  The  kinks  be,  de, 
and  dc  would  then  be  the  equivalents  of  the  antiquarks 
s,  u,  and  3.  Taking  these  as  the  fundamental  fluxon  quarks 
would  then  yield  mesons  like  the  7i  +  meson  u3=  fb,  and  the 
nucleon  tj=ddu=(ae),  both  with  energy  E2.  Since  these  fluxon 
quarks  repel  one  another  yielding  unstable  mesons  and  nucle¬ 
ons  and  moreover  can  have  excited  states,  they  are  tK>t  appeal¬ 
ing  as  fundamental  units.  2)  We  can  view  { ab,bc,..fa )  as  6  states 
of  an  octet  of  mesons  (or  nucleons)  formed  from  fractional 
fluxon  quarks.  If  we  define  a  total  fluxon  number  to  be  given  by 
A(t)=A(J)i+A(J)2„  then  the  kinks  and  antikinks  of  Fig.  1 1  will  have 
integer  total  fluxon  numbers  and  can  be  described  as  being 
fotmed  from  1/3  arxf  fluxon  number  SU(3)  quarks.  To  define 
the  fluxon  quarks  we  reptesent  the  (ab),  (be),  arxf  (cd)  kinks  in 
tetms  of  flux  loops  arouixf  each  of  the  three  conductors  as  shown 
in  Fig.  1 3.  In  analogy  with  SUy(3)  we  can  use  the  two  parame- 


Fig.  13.  i,ii,iii)  Rq>rcsenlatjon  of  the  flux  conteni  of  the  (cd),  (ab)  and  (be) 
kinl(s  respectively  in  tenns  of  u,  d,  s.  iv)  The  fundamental  fluxon 
quarte  u,  d,  s,  in  units  of  <I\). 
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ters  I3  and  Y  instead  of  A(|)i  and  A(j)2  to  label  the  flux  loop 
quarks  namely  A(J>i=2l3/3  and  A<|>2=l3/3+Y/2  to  yield 
A((|)|  +(t)2)=Q=l3+ Y/2.  We  can  then  construct  the  3  and  3  SU{3) 
weight  diagrams  and  the  table  of  I3  and  Y  values  for  the  flux 
quarks  as  shown  in  Fig.  14,  Using  these  we  may  construct  the 
3X3=  8+  1  representation*®  for  the  "flux  mesons"  and  "predict" 
that  in  addition  to  the  6  Idnks  and  antikinks  already  considered, 
namely, 

n*=ua  (ab)  7t'  =  u  d=  (dc) 

K*=us  (be)  K  =  u  s=  (ec) 

K*’=di(cd)  K”  =  as=(fa) 

that  there  should  be  Idnks  corresponding  to  n**=(uu-da)//y, 

n*^=(uu+da-2ss)//6^  and  (j)**=(uu  +  si  +  dZj/'ft.  We  inter¬ 
pret  the  no  as  being  formed  as  an  out  of  phase  breather  or  bound 

state  of  (ab)  and  (ba)  Idnks  with  the  q**  and  ^  being  formed  in 
a  similar  manner.  The  fact  that  the  neutral  K**  meson  (cd)  has  a 

distinct  antiparticle  (dc)  while  the  7C®'q®  and  do  not,  lends 
some  consistency  to  this  choice. 


If 

<1 

n 

Y 

1 

1 

3 

-1 

1 

-5 

0 

Q 

1 

1 

-3 

-1 

A.  Relation  to  Gross  Neveu  Model 

The  source  of  this  SU(3)  symmetry  can  be  traced  to  the  rela- 
don  between  the  present  model  and  the  bosonized  Gross-Neveu 
model.  We  use  the  relations  first  pointed  out  by  Coleman*^  be¬ 
tween  the  fermions  of  the  zero  charge  sector  of  the  1  dimen¬ 
sional  Thirring  model  with  fermion  field  and  the  sine-Gordon 
model 


\|;»y«-*cos((j)) 

ivpy®v|»<-*sin(4)) 

vjry^y*v|/  ,  (36) 


where  y**  and  ^  Dirac  matrices  for  one  time  and 

one  space  dimension  lp=  0,1). 

The  Lagrangian  for  the  chiral  invariant  N=  3  Gross  Neveu 
model  with  N  fermion  fields  \(/“(a=l, . N) 

N  N  N 

^  (37) 

can  then  be  written  in  bosonized  form  as* 


^  ycos(<|)“-(l>^. 

a'b^l 


(38) 


chiral  invariance  for  the  fermion  Lagrangian  implies  invariance 

under  the  continuous  transformadon  v->e‘^  y  for  arbitrary  p 
which  for  the  bosonized  Lagrangian  amounts  to  invariatKe 

under  trarislation  of  all  the  bose  fields  4)°  by  the  constant 

p. 

By  performing  a  Fierz  transfonnation  of  the  N  fetion  fields  of 
Eq  37  it  has  been  shown  by  Ha*,  that  the  Lagrattgian  may  be 
cast  into  the  form  of  the  SU(N)  invariant  Thirring  model'* 


Hg.  14.  a)  Weigh!  diagrams  for  the  3  and  3  repicseiilalion  of  (he  SU(3)  fluxon 
quarks  ( in  units  of  1  fluxon  -  ‘I>o  i  .  b):  Isospin,  hypercharge  and 
Q  -  I3  *  Y/2  values  for  (he  fluxon  quarks  u,  d,  s  in  fluxon  units. 


N  //-I 

t=  £  iy £ 

a- 1  A”0 


N 

a.b.c^l 


Nucleons  can  be  formed  from  flux  loop  quarks  in  a  manner 
similar  to  the  mesons.  Nucleons  belonging  to  the  lowest  mass 
nucleon  octet,  such  as  p-uud=(bc),  will  have  the  same  fluxon 
content  as  the  corresponding  mesons  because  baryon  number  is 
not  included  in  our  model. 


A  y 

where  the  A.  are  the  (N  - 1)  SU(N)  matrices,  and  therefore  by 
inference  the  bosonized  Lagrangian  of  Eq.  38  is  SU(N)  invari- 
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(-1) 


ant  as  well.  Furthermore  it  was  shown  in  ref.  [5]  that  an  orthog¬ 
onal  transfonnation  exists  that  can  transfonn  the  N  bose  fields 
of  a  massless  Gross  Neveu  model  to  a  model  of  N- 1  massive 
bosons  having  an  interaction  that  is  chiral  invariant  in  temis  of 
the  original  fields.  Keeping  in  mind  the  fonn  of  a  mass  tenn  for 
the  bosonized  Gross  Neveu  model  given  in  Eq  36  i.e., 
cost}),  we  can  see  tliat  the  Lagrangian  for  tlie  system  of 
Fig.  lb  has  been  written  in  tenns  of  the  orthogonal  variables 
as  a  massive  Gross  Neveu  model  for  N=  2  with  an  inter¬ 
action  tenn  that  is  chiral  invariant  in  tenns  of  tlie  original  fields 
Our  finding  that  tfiis  system  h<is  an  underlying  SU(3)  symmetry 
is  thus  consonant  with  Ha's  result.  Using  Ha’s  result  we  ntay 
thus  in  general  infer  SU(N)  invariance  for  the  coupled  JJ  sys¬ 
tems  described  by  a  massive  (N- 1 )  chiral  invariant  Gross  Neveu 
Lagrangian. 

Another  feature  of  the  quark  and  Gross  Neveu  models  that 


‘ho 

carries  over  to  the  present  bosonized  version  with<l>=—  is  con¬ 


finement*^’.  If  we  consider  the  effective  potential  for  binding  tlie 
fluxon  subkinks  in  the  (cd)  kink  using  the  CCM  as  a  function  of 
their  separation  2+'3(t)  and  a  common  collective  coordinate 
((t) ,  we  obtain  tlie  potential 


h'aA'3.P)=^l- 


.)  +  -=go(C)  +  ^fh-(^3-i)  + 


3/7 


(3/2X1 +2ch(C))‘Jo(0 


^here 

2chl0-ch(0-l) 


with  ^=/y‘3/f , 

which  is  shown  in  Fig.  15.  It  can  be  seen  that  in  the  limit  as 
'3  the  potential  rises  linearly  with  ^  as 


l  ig  l.s  niA  of  V„,l'3.fl  for  1.  15.  2,  .5,  5 


Kd{^.C)  Urn  =  3  th(/2-2/f)  3 

<2 -.00 


which  is  the  equivalent,  for  a  potential  well,  of  confinement  in 
the  field  theory  case. 

In  Fig.  16  we  show  the  results  of  an  attempt  to  separate  a  (cd) 
kink  into  its  constituent  subkinks  by  imposing  the  initial  condi 
tion  that  v=  .99999c.  The  original  (fa)  kink  is  seen  to  be  trans- 
fomied  into  the  set  of  topologically  equivalent  kinks  reached  by 
going  around  the  hexagonal  loop  of  Fig.  11  namely, 
(fc)+(ed)+(dc)+(cb)+(ba).  The  net  result  is  a  transfonnation  of 
the  (fa)  kink  into  an  equivalent  excited  (fa)  kink  (=  (dc)*)  .and 
two  kink  antikink  pairs  |(ed)+  (ba)]  and  [(fe)+  (cb)|  Raising 
the  initial  energy  to  a  threshold  -  v=  .99999c  enables  2  hexago¬ 
nal  loops  in  the  (J)  I  =  (J)2  direction  to  be  encompassed  as  shown  in 
Fig.  17.  Reversing  the  initial  velocities  will  excite  the  hexago 
nal  loops  below  (fa).  The  net  results  of  an  attempt  at  arbitrar 


t  ig  16  I’lol  of  (^i(r)  vrtsiei  /,  wiOi  iiiilial  conditions  v*  for  tiun-s 

1-0.10,20,30.40  (wiUi -  1  ). 
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Fig  17  Paramctnc  plot  of  ((>2(1)  vcnaK  (>i(l).for  lunrs  t-0, 10.20,30.40, 
V- .99999c,  (wiOi  danii>i!ig  -  !(>,») 


ily  large  energy  to  separate  the  subkinks  of  the  (fa)  kink  will 
thus  be  an  excited  (fa)  kink  and  a  string  (2,4 ,6,.... 2N)  of  kink- 
antikink  pairs,  which  is  in  qualitative  agreement  with  the  ha¬ 
dronic  string  picture  of  confinement*^. 


For  j=  1  /2,  <|)t  =  0  arrd  the  c  and  d  peaks  will  merge.  The  (cd) 
and  (af)  kinks  will  cease  to  exist.  The  Idnks  (ab)  and  (be)  will 
become  integer  fluxon  kinks  having  the  same  test  mass  and  an 
SU(2)  symmetry. 


B.  N=  3  system  with  j  <  J 

We  have  mainly  considered  the  symmetric  case  I-  j, 
4>=4>o/2,  due  to  its  connection  with  the  Gross  Neveu  model, 
and  the  fact  that  the  static  solutions  may  be  obtained  by  quadra¬ 
ture.  For  l/2<  j<  J,  the  two  adjacent  maxima  of  V  along  the 
(j)2=  -<J)i  direction  will  more  closer  together,  their  positions 
being  given  by 


4)1 


cos‘'(^)  =  -4>2  . 


(42) 


As  an  example,  for  the  case  4>l=  tt/5  ,  j=  2/(l+i/T)=  0.618, 
only  the  (ab)  and  (be)  Idnks  will  have  the  same  rest  mass.  The 
equation  of  motion  for  the  (ab)  kink  is  given  by  a  quartic  sine- 
Gordon  equation  as 


d^vjf^  1 

(17+9n) 


{4sin(4y)-J  sin(»j()-3J  sinOv)} 


(43) 


with (^1=  4»v+7t  ,4)2=  4»i/4  -  n/4,  ^=Tf(z-vt),  and 
{4)i,-oo,4)2.-<«j=[rt/5,-Jt/5)— (4)l,+«,4)2.+«]={97t/5,n/5), 


atKl  has  a  test  mass  =  5.068.  The  equation  of  motion  for  the  (cd) 
kink  is  given  by  the  double  sine-Gordon  equation  as 

"(TTlo  j 

with 

4>2=  ■4>i . 

|4>i.-oo,4)2.-o.]=[n/5,-n/5]-*[4)i.+<»>,4)2.+~J=[-7t/5,7i/5} 


C.  Relation  to  the  coupled  base-rotator  model  of 
DNA 


The  Homma-Takeno'  coupled  base-rotator  model  for  the  dy¬ 
namical  properties  of  DNA  molecules  is  described  by  the 
LagrangianofEq.  13  with  ri=0,  and  j/J=  -  r^/ ,  where  rii  isthe 
ratio  of  hydrogen-bonding  energy  to  local  field  energy  for  a 
base  pair  of  DNA.  For  the  exact  B-form  of  DNA,  this  ratio  is 
equal  to  1/2  which  makes  this  DNA  model  equivalent  to  the 
j-  1/2  integer  kink  SU(2)  case  mentiemed  above.  The  ratio  qi 
is  not  restricted  to  qt  ”  1/2  however,  so  that  for  q;  >  1/2  frac¬ 
tional  SU(2)  kinks  and  SU(3)  kiirks  for  qi  -  1  ate  possible,  wiur 
the  confinement  mechanism,  discussed  f«eviously,  operating 
for  q,  >  1/2. 

4.  A  SYSTEM  OF  N=  4  COUPLED 
SUPERCONDUCTING  ELEMENTS 


In  the  previous  section  we  iitdicated  that  the  N-  3  coupled  JJ 
system  could  be  considered  either  as  an  SU(2)  massive  Gross 
Neveu  model  or  as  a  chiral  invariant  SU(3)  massless  Gross 
Neveu  model.  Using  this  equivaleiKe  we  should  be  able  to  form 
an  N“  4  system,  that  could  be  considered  as  a  massive  SU(3) 
Gross  Neveu  model  or  as  a  massless  chiral  invariant  SU(4) 
Gross  Neveu  model,  by  adding  a  fourth  superconductor  to  form 
JJ’s  with  each  of  the  supetccmductors  of  the  N*  3  system  (Fig. 
Ic).  We  may  write  the  expression  for  the  effective  potential  of 
the  N“  4  system  of  6  JI’s  using  the  Bohm  Aharonov  constraints 
of  Eq  8  for  each  of  the  three  flux  circuits  of  Fig.  Ic,  wh^  each 
is  assumed  to  contain  flux  (1>. 

kT4)i.4)2.4>3)=  "  Jt(i-cos(4)i))+  (i-cos(4)2))+  (i-cos(4)3))] 

-J  I(l-cos((^l-(>2+  27t<I>/<I>o))+  ( 1 -cos(4)2-4)3'''  27t4>/<I>o)) 

+  (1-cos(4>3“4)1‘'^  27t4>/«I>o))]  (45) 


and  has  a  rest  mass  =  .612.  The  equation  of  motion  for  the  un¬ 
stable  static  (ad)  Idnk  is  given  by  a  triple  sine-Gordon  equation. 
The  fluxon  content  for  the  (ab),  (cb),  and  (cd)  kinks  is  then 


A4)| 

A4)2 

A4>i  -  A4)2 

A4)l  +  A4)2 

(ab) 

3/10, 

2/10 

1/10 

1/2 

(cb) 

-2/10, 

-  3/10 

1/10 

-1/2 

(cd) 

-  1/5, 

1/5 

-2/5 

0 

The  kinks  (ab)  and  (cb)  will  thus  fonn  an  SU(2)  doublet  with 
I3=A4)|  +A4>2=  1  /2  while  (cd)  will  be  a  lower  mass  iso-singlet. 


As  in  the  previous  system  of  three  conductors,  we  trartsfoim 
to  orthonotmal  coordinates  so  that  the  kinetic  energy  will  be  a 
sum  of  squared  time  derivatives,  yielding  paths  of  stable  kittks 
that  appear  as  straight  lines  in  the  new  coordinates.  For  arbitrary 
positive  values  of  q,  the  transformation  to  the  new  ty  coordi¬ 
nates  is  given  by 

V 1  =  4*3)/ ^ 

V2=  3q-  (-  4)1+  4)3)/'^ 

\y3=  '/l+  3q  •  (-  4)1+  24)2-  4*3)/’^  (46) 
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To  give  a  graphical  iiKlication  of  what  this  potential  looks  like 
as  a  function  of  i,'|/2,'t'3},  we  have  assembled  in  perspective 
the  contour  plots  of  V[\j/i,v(/2,v|/3]  for  q  =  j=  J=  1  in  the  planes 
Vt'O,  vt/2=0,  \t»3=247t//6^,  asshowninFig.  18. 

The  centers  of  the  large  spherical  contours  are  the  peaks  of 
as  can  be  seen  from  the  comer  potential  sphere  B,  while 
the  disks  in  the  y  i  =  0  plane  represent  cross  sections  of  potential 
spheres  that  lie  below  the  plane  as  represented  by  oto  and  above 
the  plane,  as  represented  by  Pi,  with  all  other  small  disks  re¬ 
peating  this  alternate  pattern.  The  minima  of  are  the  cen¬ 
ters  of  the  roimded  rectangles  in  the  three  otthogonal  planes. 

can  be  eas*’y  seen  to  be  invariant  to  rotations  of  2n  /  3 
around  an  axis  at  the  center  of  an  absolute  maxima  in  the 
y  1  =  0  plane  (or  equivalently  by  a  rotation  of  n  /  3  plus  a  trans¬ 
lation  in  the  vt»2  direction  by  2k//3  ).  There  are  further  sym¬ 
metry  operations  that  are  not  immediately  apparent  such  as  a  ro¬ 
tation  of  t  a  A(/F)  around  the  \)/2  axis.  Since  there  are  three 
symmetry  axes  in  the  i  =  0  plane  separated  by  2n/3,  this  oper¬ 
ation  can  be  repeated  in  each  of  them  to  yield  four  equivalent 
orientations  for  the  potential.  The  origin  of  this  symmetry  can 
be  understood  by  remembering  that  is  equally  valid  for  a 
short  junction,  and  that  by  lifting  the  central  conductor  of  the 
short  junction  of  Fig.  Ic,  one  can  make  a  tetrahedral  JJ  system 
as  shown  in  Fig.  19a  where  it  is  assumed  that  small  jimctions 
have  been  placed  half  way  along  the  6  adjacent  edges  of  the  tet¬ 
rahedron.  Thus  instead  of  the  central  superconductor  having  a 
privileged  role,  it  can  be  seen  that  all  four  are  equivalent,  hence 


Fig.  18.  Contour  ^ol.s  of  V(igi,i)«2,i(»jl  in  the  planes  igi'O.  ig2*0. 
\gj*24n//6,  with j-  I-  t 


Fig  19.  a)  4  supcicoiKiucling  elements  arrangnt  as  a  Irlralirttniii  Willi  JJ  's  on 
each  edge,  b)  same  as  a)  plus  an  inner  sui>erconclncting  splu-rr 
forming  JJ's  with  each  Ictrahedron  face. 

the  fourfold  symmetry  of  the  potential.  The  elementary  lowest 
energy  kinks  of  are  those  connecting  adjacent  maxima  of 
such  as  Aai,  Aas  or  Cai  with  rest  energy  Ei=  24.  The 
next  family  of  stable  kinks  are  those  that  cross  a  rectangular 
minima  at  its  narrowest  width  (ai,a3)  or  (yoyi)  These  kinks 
have  a  rest  energy  £2=  32  which  makes  them  stable  against 
breaking  up  into  two  Ei  “  24  Idnks.  If  enough  energy  is  supplied 
however,  a  kink  such  as  (0301)  can  be  pulled  apart  into 
(aaA)  and  (Aai).  The  kinks  that  cross  a  rectangular  minima 
lengthwise,  AC  or  Acta,  have  energy  £3=  52  and  are  unstable 
to  breaking  up  into  the  adjacent  Ei-  24  Idnks.  A  kink  like  AF 
which  would  be  a  triple  sine-Gordon  kink  if  confined  to  the 
t|»i“  0  plane,  will  immediately  break  up  into  the  elementary 
kitdes  outside  of  the  plarre  as  (Ayo),  (yoD),  (Dyt)  (VlF) 

As  in  the  N-  3,  (^-  0  case,  the  elementary  kinks  can  be  put 
into  a  direct  relation  with  flux  loops  around  each  of  the  super- 
ccmductors.  The  ^  (0,0,0  )  -» (2n,0,0  )  kink  will  have  coordi 
nates  of  tjr=  (0,0,0|  -►j2n//T,-  2n/T,-  47t//6]  which  is  the 
Cai  Idnk.  Similary  the  0-»2n  (|>2  and  (^3  kinks  are  identified 
as  (Cpi)  and  (Cyi),  while  the  kink  ^  [0,0,0j-»[2x,2n,27ij  will 
have  the  coordinates  of  the  Aai  or  cc'  kir^  where  c'  (C*) 
denotes  the  peak  directly  above  (or  below)  C.  The  bound  state 
of  Cc'  and  Cai  kinks  has  an  energy  £2“  32  and  a  birKling  en¬ 
ergy  of  Eb“  16  and  is  thus  a  rotated  version  of  (0103)  The 
bound  states  of  three  and  four  elementary  kinks  have  been  cal¬ 
culated  and  are  shown  in  Tab.  1 .  From  the  table  one  can  see  that 
there  is  a  simple  fluxon  bond  chemistry,  each  fluxon  fluxon 
bond  being  associated  with  a  binding  energy  of  Eb=  16.  Thus 
the  fully  saturated  case  of  a  tetrad  consisting  of  the  four  elemen¬ 
tary  Idnks  has  a  total  binding  energy  equal  to  the  sum  of  its  rest 
masses.  The  fact  that  the  total  energy  for  the  tetrad  is  zero  with 
four  fluxon  present,  indicates  that  the  kinks  composing  the  tet 
rad  can  form  a  3  field  breather. 

Having  described  the  N”  4  potential  of  Fig.  18  we  can  now 
point  out  that  the  two  tetrads  j(Cai),  (Cpi),  (Cyi),  (Cc'  jj  and 

j(Cao),  (CPo),  (Cyo),  (Cc')]  are  the  fundamental  multipletsof 
SU{4)**  and  define  weight  diagrams  analogous  to  Fig.  14.  The 
6  states  with  £-£2  form  a  sextet  representation  of  Sl)(4)  As  in 
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lal)  1  Tatilr  of  R\sl  mass  luj  ainl  hiiKlilig  ciicigy  lib  for  2.  3,  aikl  4  fluxons 


Rest  Mass 

Binding  Energy 

1  fluxon 

Eo  =  24 

Eb  =  0-  16 

2  bound  fluxons 

Eo  =  32 

Eb  =  1-  16 

3  bound  fluxons 

Eo  =  24 

Eb  =  3-  16 

4  bound  fluxons 

Eo  =  0 

Eb  =  6-  16 

the  previous  case  of  N  =  3,  <1>=  0,  where  the  fundamental  fluxons 
had  integer  flux  number,  the  constituents  of  states  with  E  =  E2 
are  not  pemianently  confined. 

The  addition  of  an  external  flux  <^=  «I>o/2  will  lead  to  an  ef¬ 
fective  potential  that  is  the  inverse  of  V[^  in  Eq  42  with 
4),  -•<{)'i=  <{>1+  It  as  in  the  N=  3  case.  Unlike  the  N=  3  case  how¬ 
ever.  the  maxima  of  the  inverted  potential  are  now  lines  in 
W I  ,'g2.H'.v  instead  of  isolated  points.  Thus  on  the  plane  defined 
by  lines  of  potential  maxima  ij/i=  fl  413-  3/T7:,,  the  potential 
looks  like  the  grid  of  Fig.  20.  Kinks  can  be  formed  by  cotinect- 
ing  atiy  two  points  along  adjacent  or  opposite  ridge  lines.  Only 
kinks  cotuiecting  opposite  ndge  lines  at  their  midpoints  will  be 
stable.  Tliese  have  integer  fluxon  niunbers  and  will  not  fonii  a 
representation  of  the  full  SU(4)  group.  This  situation  will  be 
qualitatively  the  same  for  any  combination  J  and  J,  tttainly  be¬ 
cause  the  maxima  of  the  inverse  potential  are  not  confined  to 


I  I)'  2ii  <  oniour  plot  111  1|  III  ilic  plinu-  y,  =  for 

I  I  -  I  ,IS  .1  tiUKllOll  of  Vj  -  1(1;  /if  ,liul  1;- 


isolated  points.  With  the  addition  of  an  external  flux  <I>=  <I>o/4, 
isolated  peaks  exist  that  can  lead  to  fractional  fluxon  subldnks. 
The  masses,  interactions,  and  symmetries  of  these  Idnks  will  be 
the  subject  of  a  future  publication. 

The  process  of  increasing  the  symmetry  of  a  coupled  JI  sys¬ 
tem  by  adding  one  more  superconductor  can  be  carried  only 
one  half  step  further.  We  can  add  a  fifth  out  of  plane  supercon¬ 
ductor  to  the  N=  4  system  of  Fig.  Ic.  This  is  equivalent  to  put¬ 
ting  a  spherical  shell  ( or  an  inverted  tetrahedron  scaled  by  1/2) 
inside  the  tetrahedron  of  Fig.  19a  with  junctions  formed  where 
the  sphere  touches  the  inside  of  the  tetrahedron  as  shown  in  Fig. 
19b.  Each  superconductor  will  have  JJ  contacts  with  each  of  the 

4  other  super-conductors,  yielding  coupled  JJ's  with  SU{5) 
symmetry.  Since  a  fifth  JJ  cannot  be  made  to  lie  within  the  plane 
of  the  other  four,  we  cannot  translate  this  system  parallel  to  it¬ 
self  to  make  an  N=  5  long  coupled  JJ. 

5.  CONCLUSIONS 

We  have  investigated  systems  consisting  of  long  coupled  Jo- 
sephson  junctions  formed  from  N-  3  and  4  long  superconduct¬ 
ing  elements.  They  can  both  be  described  by  the  bosonized 
Gross  Neveu  model.  In  both  cases  kink  excitations  having 
equal  rest  masses  are  observed  to  form  groups  having  an  SU(N) 
internal  symmetry.  If  all  junctions  are  formed  having  the  same 
critical  current  density  Jc,  the  kinks  will  have  integer  fluxon 
content  if  the  external  magnetic  flux  ‘1>=  0.  For  the  case  N=  3 
with  an  external  magnetic  flux=  ‘l>o/2  present,  the  subkinks  on 
a  given  line  have  fractional  fluxon  content,  while  the  total  Idnk 
can  be  considered  as  being  formed  from  permanently  confined 
1/3  fluxon  quarks.  For  non  equal  critical  current  densities 
(jc  <  Jc),  the  symmetry  is  reduced  from  Su(3)  to  SU(2)  for 
N=  3.  For  the  case  N=  4  with  an  external  magnetic 
flux  =  ito/ 4  present,  fractional  fluxon  kinks  are  possible. 
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Absiriict -Vie  electron  mobility  and  dislocation  density  have  been  measured  as 
functions  of  the  film  thickness  in  tnP films  grown  on  Si  substrates  by  gas-source 
molecular  beam  epitaxy.  In  a  region  extending  about  2  pm  from  the  Si  inter¬ 
face,  the  density  of  dislocations  was  found  lo  be  very  high  and  clustering  of  dis- 
locations  was  observed  by  transmission  electron  microscopy.  'Vie  correspond¬ 
ing  mobility  was  very  small.  Beyond  2  pm,  clustering  was  not  observed,  the 
density  of  dislocations  decreased  atui  the  mobility  increased  with  increasing 
film  thickness.  Thus,  the  threading  dislocations  created  by  the  large  InP/Si  lat¬ 
tice  mismatch  can  significiuitly  degrade  the  free  carrier  mobility  of  the  InP film. 


The  heteroepitaxial  gro-  h  of  III-V  semiconductor  ftltris  on 
Si  substrates  offers  .tr  jssibility  of  combining,  in  a  monolithic 
technology,  high  mobility  GaAs  or  InP  devices  with  complex 
VLSI  Si  cire  iitry.  The  primary  materials  problem  in  develop¬ 
ment  of  a  ID-V/Si  technology  is  the  formation  of  a  high  density 
of  threading  dislocations  created  by  the  laige  lattice  mismatch 
between  tlie  UI-V  film  and  the  Si  substrate.  In  the  GaAs/Si  sys- 
.em  (4%  lattice  mismatch),  direct  measurement  using  plan- 
view  transmission  electron  microscopy  (TEM)  has  shown  that 
the  dislocation  density  exceeds  10^  cm’^  at  the  heterointerface 
and  decreases  into  the  GaAs  [  1  -3].  In  the  InP/Si  system  (8%  lat¬ 
tice  mismatch),  indirect  evidence  from  cross-section  TEM  im¬ 
ages  [4]  and  x-ray  diffraction  measurements  [5]  indicate  a  sim¬ 
ilar  distribution  of  dislocations.  The  high  density  of  dislocations 
is  expected  to  adversely  affect  the  electrical  properties  of  the 
GaAs  or  InP  filins,  as  evidenced  by  electron  mobilities  some 
407c  lower  than  bulk  values  in  InP  films  3-4  pm  thick  grown  on 
Si  by  molecular  beam  epitaxy  (MBE)  [6]  and  metal-organic 
chemical  vapor  deposition  [7].  We  report  here  the  direct  mea¬ 
surement  of  both  the  dislocation  density  and  electron  mobility 
as  functions  of  the  film  thickness  in  MBE  InP-on-Si  films,  and 
a  clear  correlation  is  found  between  dislocation  density  and  car¬ 
rier  mobility. 

Three  inch  diameter  p-type  Si  substrates  of  10-20  fi-cm  re¬ 
sistivity  were  etched  in  5:1  n2S04:H202  solution,  then  trans¬ 
ferred  to  a  N2  atmosphere  and  briefly  etched  in  a  dilute  HF  so¬ 
lution  before  being  loaded  into  the  MBE  system.  All  substrates 
were  ( 100)  misoriented  4°  towards  the  [Oil].  The  substrates 
were  cleaned  in  vacuo  at  700°C  for  20  minutes  prior  to  growth. 
Gas  source  MBE  was  used  to  grow  the  heterostnictures  with 
the  hi  anti  Ga  beams  provided  by  conventional  effusion  cells 


and  a  P2  beam  produced  by  thermal  decompiosition  of  gaseous 
PH3  at  900°C  in  a  low-pressure  cracking  ovea  A  buffer  layer  of 
0.6-pm  thickness  was  placed  between  the  Si  substrate  and  InP 
active  layer  and  consisted  of  GaP  followed  by  four  strained- 
layer  superlattices  of  InxGai-xP/lnyGai-yP  (x  y)  .  Details  of 
this  buffer  layer  have  been  described  elsewhere  [6].  The  buffer 
layer  was  then  followed  by  2.6  -  4.9  pm  of  unintentionally 
doped  InP  grown  at  480°C  and  0.85  pnVh.  The  reflection  high 
energy  electron  diffraction  pattern  of  the  InP  surface  during 
growth  exhibited  a  well-defined  P2-stabilized  (2x4)  recor^truc- 
tion,  very  similar  to  that  of  high  quality  homoepitaxial  InP 
grown  under  identical  conditions.  Using  this  method,  films  that 
are  specular  over  the  entire  3"  wafer  have  been  obtained  and  a 
full-width  at  half  maximum  (FWHM)  of  the  (400)  double  crys¬ 
tal  x-ray  (DCXR)  diffraction  peak  as  low  as  5 10  arc  sec  for  an 
as-grown  fibn  has  been  measured. 

The  room  temperature  Hall  mobility  versus  film  thickness 
was  determined  by  two  depth  profiling  techniques.  The  first 
technique  used  anodic  oxide  layer  stripping  combined  with 
Hall-van  der  Pauw  measurements  [8].  At  each  etch  step,  an  an¬ 
odic  oxide  was  grown  in  a  glycohwater  electrolyte  and  then  re¬ 
moved  with  a  HF  solution,  resulting  in  the  controlled  removal 
of  approximately  50  nm  of  InP.  The  mobility  was  determined 
and  the  etch  step  repteated.  Ohmic  contacts  were  made  with 
Au/Ge/Ni. 

The  second  profiling  technique  used  iodic  acid  etching 
combined  with  Hall-van  der  Pauw  measurements.  InSn 
ohmic  contacts  were  protected  while  0.5- 1 .0  pm  of  the  sam¬ 
ple  was  removed  in  a  10: 1  H2O.HIO3  solution.  The  resulting 
film  thickness  was  measured  using  a  surface  profilometer. 
Hall  measurements  were  then  made  and  the  entire  process 
repeated  3  4  times  until  reaching  the  Si  substrate. 

The  dislocation  density  as  a  function  of  film  thickness 
was  measured  indirectly  by  DCXR  diffraction  and  directly 
by  plan-view  TEM.  Several  wafers  were  grown  in  an  identi¬ 
cal  manner.  Then  each  wafer  was  divided  into  many  samples, 
and  each  sample  was  etched  with  iodic  acid  to  the  desired  film 
thickness.  DCXR  diffraction  and  TEM  were  then  per- 
fonned  on  each  sample. 
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The  unintentionally  doped  InP-on-Si  films  were  n-type  with 
residual  carrier  concentrations  of  (1-10)  xio'^  cm'^.  Prior  to 
depth  profiling,  the  roc«n  temperature  mobility  of  the  as-grown 
films  was  as  high  as  2200  cm  v  s'  with  typical  mobilities  in 
the  range  of  1000-1700  cm^v's'*.  Depth  profiling  of  the  mo¬ 
bility  was  performed  by  the  two  above  techniques  on  the  same 
InP-on-Si  film  and  the  results  are  plotted  in  Figure  1(a),  where 
the  total  film  thickness  is  measured  from  the  Si  interface.  The 
anodic  oxide  stripping  technique  was  used  to  profile  entirely 
through  the  4.0  pm  thick  sample  and  clearly  shows  there  is  a 
very  low  mobility  for  the  first  2  pm  of  growth  followed  by  a 
steadily  increasing  mobility  with  increasing  film  thickness. 
Data  at  the  Si  interface  was  unreliable  and  is  not  shown.  The 
four  data  points  from  the  iodic  acid  etch  technique  show  fair 
agreement  with  the  extensive  data  from  the  anodic  oxide  strip>- 
ping  technique.  Mobility  profiles  of  another  Ird’-on-Si  film, 
which  was  5.5  pm  in  thickness  and  grown  under  nearly  identi¬ 
cal  conditions,  were  similar  to  Figure  1(a). 

Plan-view  transmission  electron  microscope  images,  ob¬ 
tained  with  a  Philips  CM-30  TEM  at  300  KeV  were  used  to  ob- 
scr.'e  the  dislocations  and  to  measure  their  density  at  a  particu¬ 
lar  depth.  Nominally  0.25  pm  thick  foils  were  prepared  from 
the  near  surface  region  of  films  previously  etched  to  the  desired 
film  thickness.  Typical  plan-view  TEM  images  are  shown  in 
Figure  2.  Films  less  than  about  2  pm  in  total  thickness  exhibited 
clustets  of  dislocations  and  dislocation  densities  greater  than  I 
X  10^  cm’^.  Figure  2(a)  shows  a  plan-view  image  at  a  film  thick¬ 
ness  of  1 .5  pm;  here  the  dislocation  density  is  so  large  and  the 
distance  between  dislocations  so  small  that  the  dislocations 
have  become  entangled,  fonning  clusters.  For  films  greater  than 
about  2  pm  in  thickness,  clustering  was  not  observed  and  the 
dislocations  appeared  to  be  distributed  laterally  in  a  fairly  uni- 
fonn  manner  (Fig.  2(b)).  Thus  there  appear  to  be  two  distinct  re¬ 
gions  in  the  InP-on-Si  films:  a  region  that  extends  to  about  2  pm 
from  the  Si  substrate  where  dislocations  fonn  clusters,  and  a  re¬ 
gion  beyond  about  2  pm  where  clustering  of  the  dislocations 
does  not  occur. 

The  dislocation  density  as  a  function  of  film  thickness  deter¬ 
mined  from  TEM  measurements  is  shown  in  Fig.  1  (b).  Also 
shown  is  the  dislocation  density  obtained  from  DCXR  diffrac¬ 
tion  by  measuring  the  FWHM  of  the  (400)  InP  peak  using 
CuKa  radiation  [6].  The  equation  from  Hirsch  [9], 
D  =  (FWHM)  /9b  where  b  is  the  Burger's  vector,  assiuned  to 
be  0.4  nm,  was  used  to  estimate  the  dislocation  density  D.  In  the 
region  where  the  thickness  is  greater  than  2  ptn  and  clustering 
of  the  dislocations  does  not  occur,  TEM  counts  are  accurate, 
and  good  agreement  between  the  TEM  and  DCXR  data  can  be 
seen  in  Fig.  1(b);  thus,  the  Hirsch  equation  accurately  predicts 
the  dislocation  density.  In  this  region  the  disUxation  density  is 
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in  the  10  -10  cm'  range  and  decreases  slowly  with  increasing 
film  thickness,  in  a  manner  similar  to  that  previously  reported 
for  GaAs-on-Si  films  of  the  same  thickness  [2,3].  In  the  region 
below  2  pm,  accurate  determination  of  the  dislocation  density 
could  not  be  obtained  by  TEM  due  to  the  clustering  and  thus 
only  estimates  of  lower  bounds  ale  given  in  Fig.  1  (b).  Although 
we  could  not  obtain  independent  confirmation  that  the  Hirsch 
equation  is  accurate  in  this  region,  it  is  clear  from  the  DCXR 
data  that  the  apparent  dislocation  density  decreases  rapidly  as 
the  thickness  increases  to  2pm.  Beyond  2pm,  the  dislocation 
density  decreases  very  slowly  with  increasing  film  thickness. 
Hence,  both  the  TEM  and  DCXR  data  indicate  that  there  are 
two  distinct  regions  in  the  InP-on-Si  films. 

A  comparison  of  the  two  plots  in  Figure  1  shows  a  clear  cor¬ 
relation  between  electron  mobility  and  the  distribution  of  dislo¬ 
cations.  In  the  region  within  2  pm  of  the  Si  substrate,  the  clus¬ 
ters  of  dislocations  greatly  increase  free  carrier  scattering,  pro¬ 
ducing  a  very  low  mobility.  In  the  region  beyond  2  pm,  the  dis¬ 
location  density  is  low  enough  that  clusters  do  not  form,  and  the 
mobility  increases  with  film  thickness  as  the  dislocation  density 
decreases.  Since  the  measured  mobility  at  all  film  thicknesses  is 
much  lower  than  the  value  of  3900-  4200  cm  V  s'  obtained  in 
our  InP  films  grown  on  InP  substrates  under  the  same  condi¬ 
tions,  scattering  due  to  dislocations  appears  to  be  the  dominant 
scattering  mechanism  throughout  the  entire  InP  film. 

Finally,  we  were  concerned  that  the  mobility  profile  of  Fig. 
1(a)  may  be  an  artifact  of  the  Hall  profiling  technique,  since  the 
measured  mobility  in  the  outer  2  pm  may  be  influenced  by  the 
underlying  low  mobility  (inner)  region.  By  modeling  the  sam¬ 
ple  as  two  unifonn  layers  with  fixed  mobility  and  carrier  con¬ 
centration  [10],  a  reasonable  fit  to  the  mobility  profiles  of  Fig. 

1  (a)  required  the  carrier  concentration  in  the  inner  layer  to  be  an 
order  of  magnitude  greater  than  in  the  outer  layer.  The  Hall 
measurements  and  electrochemical  capacitance-voltage  pro¬ 
files  of  the  films  did  not  show  evidence  of  the  very  high  carrier 
concentration  in  the  inner  region  needed  to  support  the  two- 
layer  model.  Thus  the  data  in  Fig.  1(a)  is  believed  to  accurately 
represent  the  variation  of  mobility  with  thickness. 

In  summary,  in  InP-on-Si  films  grown  by  MBE,  the  tlue-ading 
dislocations  produced  at  the  IitP/Si  interface  significant!)'  ir.flu 
ence  the  electron  mobility  in  the  InP  films.  Within  2  pm  of  the 
interface,  the  dislocation  density  is  very  high,  the  average  dis¬ 
tance  between  dislocations  is  small,  and  the  dislocations  be¬ 
come  entangled,  fonning  clusters.  Tire  clusters  greatly  increase 
the  scattering  of  carriers,  resulting  in  very  low  mobility.  Beyond 

2  pm,  the  clusters  do  not  fonn,  the  density  of  dislocations  de¬ 
creases  with  increasing  film  thickness,  and  the  electron  mobility 
rises  toward  the  expected  value. 


Achieving  lower  dislocation  densities  adjacent  to  the  Si  sub¬ 
strate  could  eliminate  the  formation  of  the  dislocation  clusters 
and  the  accompanying  catastrophic  drop  in  carrier  mobility. 
However,  even  with  the  dislocation  density  in  the  10  -cm' 
range,  the  mobility  will  be  less  than  that  of  homoepitaxial  ma¬ 
terial.  Thus  the  perfonnance  of  devices  requiring  transport  of 
carriers  parallel  to  the  InP/Si  interface  in  thin  InP  epitaxial  films 
or  transport  of  carriers  across  the  InP/Si  interface  could  be  ad¬ 
versely  affected. 

The  authors  would  like  to  acknowledge  the  support  of  the  Air 
Force  Office  of  Scientific  Research  (Contract  89-05 1 3)  and  the 
Air  Force  RL-Hanscom/DARPA  (Contract  F19628-89-K- 
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1.  INTRODUCTION 

In  the  processing  of  wavefonns  for  gaining  infonnation,  we 
often  find  ourselves  addressing  a  variety  of  issues  from  differ¬ 
ent  points  of  view.  Examples  are  signal  power  versus  signal  en¬ 
ergy  to  noise  ratio,  theoretically  derived  optimum  filtering  ver¬ 
sus  heuristic  (or  seat-of-the-pants)  approaches,  the  relation  be¬ 
tween  independent  noise  sources  and  eigenvalues  in  a  noise  co- 
variance  matrix,  and  low-level  versus  high-level  signal  process¬ 
ing.  In  this  series  of  articles,  I  will  attempt  to  provide  a  better 
understanding  of  these  subtle  and  sometimes  confusing  points. 

Measured  data  which  exist  in  a  form  unsuitable  for  the  user 
must  undergo  certain  transfonnations  so  that  an  intelligible  out¬ 
come  is  attained.  Transfomiations  applied  to  measured  data  for 
the  purpose  of  obtaining  a  set  of  observables  in  order  to  perform 
hypothesis  testing,  estimation,  and  classification  constitute  sig¬ 
nal  processing. 

Front-end  operations  preamplify,  downconvert  (generally  to 
base  band),  and  often  A/D  the  incoming  waveform  into  data, 
compatible  with  the  appropriate  transfonnations  that  follow. 
The  transformations  may  be  linear  or  nonlinear  and  in  general 
are  perfonned  across  all  domains  or  dimensions  over  which  the 
data  or  signal  may  exist.  Tliese  domains  include  time  and  space 
where  samples  of  the  signal/noise  process  are  weighted,  inte¬ 
grated,  .and  subjected  to  decision-making  criteria.  The  transfor¬ 
mations,  which  include  weighting  and  integration,  are  carried 
out  through  filters  and  equalizers  in  the  time  domain  and 
through  array  beamfonners  and  apertures  in  the  spatial  domain. 
In  some  cases,  signals  may  be  mapped  from  one  domain  to  an¬ 
other  when  architecture,  e.g.,  optical  signal  processors,  in  con¬ 
junction  with  the  algorithm,  finds  it  more  suitable. 

When  processing  has  completed  the  transfonnation  stage,  the 
signal  may  be  treated  as  a  statistic  where  decisions,  estimates, 
control  parameters,  and,  at  a  higher  level,  inferences  are  gener¬ 
ated.  At  such  higher  levels,  modem  signal  processing  makes 
use  of  niuneric  and  symbolic  methods  in  wh<atever  combination 
necessary  for  completing  the  algorithm. 

The  three  major  phases  of  processing  a  signal/noise  set  of 
measured  data  are  restated  as  preprocessing,  transfonnation, 
and  decision.  Since  my  objective  here  is  to  bring  about  an  un¬ 
derstanding  of  the  theoretical  and  practical  aspects  of  signal¬ 
processing  algorithms,  I  will  restrict  the  preprocessing  portion 


of  the  presentation  to  a  few  comments  regarding  the  effects  it 
has  on  signal-to-noise  ratio  and  overall  processor  jjerformance. 
In  reference  to  transfomiations,  I  will  jjrovide  a  general  presen¬ 
tation  on  the  approaches  of  correlation  for  optimizing  perfor¬ 
mance  through  maximizing  signal-to-noise  ratio.  Future  articles 
will  include  the  decision-maldng  process  using  tests  and  esti¬ 
mation  algorithms  for  both  observation  and  generation  of  con¬ 
trol  parameters.  Examples  will  focus  on  radar  and  communica¬ 
tion  signal  processing  and  will  include  both  adaptive  and  non- 
adaptive  methods. 

2.  PREPROCESSING 

A.  Maintaining  Signal-to-Noise  Ratio 

A  wavefonn  arriving  at  the  front  end  of  a  sensor  receiver 
must  first  of  all  have  sufficient  signal-to-noise  ratio  to  maintain 
acceptable  perfonnance  at  the  final  decision  stages  of  the  sys¬ 
tem.  Any  processing  losses  which  may  further  degrade  the  sig- 
nal-to-noise  ratio  such  that  the  ratio  falls  below  this  required 
minimum  must  be  prevented  by  prior  stages  of  sufficient  gain. 

The  example  shown  in  Fig.  la  illustrates  a  simple  receiver 
front  end  where  attenuation,  L,  precedes  gain,  G.  Signal,  s{t), 
and  noise,  no(t),  are  received  at  pwwer  (or  energy)  level,  S  and 
no=  kToB,  respectively,  where  k  is  Boltzmann’s  constant.  To  is 
the  source  temperature,  and  B  in  the  noise  bandwidth.  The  at¬ 
tenuator,  i  >  1,  decreases  the  input  signal,  s{t),  as  well  as  the 
input  noise,  tio(0.  each  by  a  factor  of  L.  At  the  s<Tme  time,  addi¬ 
tional  noise,  «n(0,  is  introduced  (remember  that  the  power,  not 
the  voltage  of  independent  noise  sources  are  siunmed),  by  the 
attenuator,  at  pxjwer  level,  (]-]/L)n\  =  {l-ljL)kTiB,  where  T\  is 
the  tempjerature  of  the  attenuator. 

Letting  the  noise  temperatures  of  the  source  and  the  attenua¬ 
tor  be  the  satne. 

To  =  Ti  =  T, 

it  follows  that  the  received  noise  power  equ.ils  attenuator  noise 
power  (if  L  were  infitiite).  Hence, 

no  =  n  1  =  N. 
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Fig.  1  F'roiil-eiid  reciver  block  diagnuas.  (a)  Loss  precedes  gaui  (b)  Loss  follows  gaia 


It  is  easily  shown  that  the  ratio  of  the  input  to  output  signal-to- 
noise  ratios,  i.e.,  the  noise  figure  (the  loss  in  signal-to-noise 
ratio  across  the  channel),  for  Fig,  la  is 


_  S/N  (input) 

**  S/Af  (output) 

_ ^ _ _ 

~  {S/L)/{N[\/L*[\  -  \/L\])  (1) 


In  a  similar  manner,  it  can  be  shown  that  the  noise  figure  for  the 
channel  shown  in  Fig.  lb,  where  the  gain  precedes  the  lossy 
component,  is 


Fb  = 


_ S/^ _ 

(|/f.)GS/[(l/i)G  +  (l  -  \/L)\N 


G  (2) 


B.  Correlation  and  Filtering 

After  appropriate  gain,  the  signal  and  noise  waveforms  are 
generally  downconverted,  multiplexed,  sampled,  digitized,  or 
subjected  to  whatever  process  appropriate  to  the  data,  infoima- 
tion,  and  hardware  requirements.  Included  along  this  path  is  a 
correlator  which  computes  the  energy  contained  within  the  sig- 
nal  waveform  as  well  as  the  correlated  part  of  the  white  or 
whitened  noise.  A  correlator,  matched  to  the  signal  wavefonn, 
also  maximizes  [3,4]  the  signal-to-noise  ratio  when  the  additive 
noise  is  white. 

We  show  this  by  first  expressing  the  energy,  E,  in  the 
signal  as  the  integral  of  the  signal  power  over  time.  If 
s{t)*  0 :  {  0  <  r  <  T) ,-=  0 :  {r  Otherwise)  is  the  actual  signal 
waveform  and  5D(r)  is  the  signal  waveform  normalized  to  unit 
energy.  That  is,  if 

j(f)  =  £'^^Jo(0  and  J^5^r)r/f  =  1, 


then  it  follows  that 


Plainly,  when  gain  precedes  as  well  as  dominates  all  stages  of 
signal-to-noise  loss,  the  system  noise  figure,  F,  is  hardly  af¬ 
fected.  More  details  concerning  noise  figure  may  be  found  in 
Skolnik  [1],  Ziemer  and  Tranter  [2],  Gardner  [3],  and  Haykin 
[4]. 


£  =  f  s\t)dt  =  E\  sh)dt .  (3) 

Jo  Jq 

A  filter,  h{t),  matched  to  the  signal,  h{t)  =  so(-f),  computes  the 
square  root  of  the  energy  contained  in  the  actual  signal,  giving 
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I 

f  s(u)h(t  -  u)du  =  (4) 

Jo 

Next,  consider  a  received  waveform,  r{f),  consisting  of  a  signal, 
s(t),  contaminated  by  additive  noise,  «(/),  that  is, 

riO  =  s(f)  +  n(t) .  (5) 

In  the  most  general  case,  the  signal  and  noise  may  each  be  a 
Gaussian  or  non-Gaussian  random  process,  be  nonstationary, 
contain  nonlinear  parameters,  be  interdependent,  and  be  char¬ 
acterized  by  correlation  and  covariance  properties  of  their  own. 
The  derivation  of  the  optimal  signal  processor  algorithm,  which 
provides  the  desired  information  from  such  a  signal  and  noise 
environment,  is  extremely  difficult  and  involves  issues  cur¬ 
rently  under  investigation.  We  will  confine  our  discussion  to 
Gaussian,  correlated,  stationary,  linear,  and  independent  signal 
and  noise  processes. 

Using  such  a  model,  we  can,  in  many  cases,  visualize  the  sig¬ 
nal  and  noise  waveforms  as  vectors  in  a  multidimensional 
space.  The  idea  is  to  operate  on  the  signal  and  noise  such  that 
we  obtain,  at  the  processor  output,  a  projection  (dot  product) 
onto  which  the  signal  vector  is  maximized  while  the  noise  vec¬ 
tor  is  minimized. 

Let  us  consider  a  simple  example.  We  assume  that  the  re¬ 
ceived  waveform,  r(r),  consists  of  a  deterministic  signal,  s(0, 
contaminated  by  white  Gaussian  noise,  n(t),  independent  of  the 
signal.  The  waveform  is  written  in  Eq.  (5).  In  this  case,  the  sig¬ 
nal  vector  is  fixed  while  the  noise  waveform  is  random  and 
equally  distributed  in  all  dimensions  (eigenvectors)  of  the 
space.  We  simply  project  the  signal  vector,  s(t),  onto  its  unit 
vector,  so(0.  through  a  dot  product  operation.  This  may  be  ac¬ 
complished  with  the  matched  filter,  fi(r),  or  modulator  shown  in 


Fig.  2  and  expressed  in  Eq.  (4).  The  filter  output  (or  vector  pro¬ 
jection)  to  the  received  signal,  s(r),  turns  out  to  be  the  square 
root  of  its  energy,  E. 

For  noise,  n(t),  we  must  consider  the  random  nature  of  its 
wavefonn.  The  filter,  h(t),  output  for  the  noise  process,  n(t),  is  a 
random  variable,  n  which  is  often  characterized  by  its  root 
mean  square  (tms)  value.  Its  rms  value  is 


r/  1 

'No 

nns 

niu)hit  -  u)du 

Jq 

=  ims(n)  = 

2 

(6) 


Equations  (4)  and  (6)  compute  the  square  roots  of  the  energy 
contained  in  the  received  signal  waveform,  sit),  and  the  square 
root  of  that  average  noise  energy  contained  in  the  noise  wave¬ 
form,  nit),  which  is  correlated  with  the  signal  waveform  (the  dot 
product  of  the  noise  vector  with  the  normalized  signal  vector). 

Wthout  deviating  much  from  the  above  special  case,  we  may 
consider  the  signal  waveform,  sit),  to  also  be  a  random  process, 
having,  at  most,  a  Gaussian  or  Rayleigh  distributed  amplitude 
and  a  uniform  phase  distribution.  As  we  did  for  the  random 
noise  case,  above,  we  characterize  the  filter,  hit),  output  for  the 
random  signal  waveform,  sit),  as  a  random  variable  with  tms 
value,  Then,  without  loss  of  generality,  the  mis  value  of 
the  filter  output  to  the  received  wavefonn ,  rfr).  is,  from  Eqs.  (4) 
and  (6), 


=  mis{s  + /I)  = 


(7) 


r(t)  =  *(1)on(») 

mia  (■  »  n)  E  ♦ 

h(l) 

SAMPLE 

ATtaO 

““"•P"*  Integrator 


Bg.  2.  Correlator  realizations,  (a)  Matclicd  filter,  A(0,  iralizationof  a  rrccivrrconrlator.  (b)  Modulator/dctcctor  realization  of  a  receiver  comrlator. 
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Fig  3.  Random  variable  processing  from  matched  filter  or  correlator,  (a)  Signal  having  constant  amplitude  and  phase,  (b)  Signal  having  zero  mean  random 
amplitude  and  uniform  random  phase  . 


The  results  of  Eq.  (7)  give  the  sum  of  the  square  roots  of  the  en¬ 
ergy  contained  in  the  signal  and  noise  components  of  the  re¬ 
ceived  waveform.  For  zero  mean  Gaussian  received  processes, 
the  filter  output  is  a  bipolar  random  variable,  r  =  s  +  n,  whose 
mean  square  value  (energy)  is  the  variance.  That  is,  for  zero 
mean  and  independent  processes, 

rms|s  +  n  j  =  (varjs  +  n  +  [Nq/2\^^^  .  (8) 

It  is  desirable,  ftom  a  theoretical  and  practical  standpoint,  that 
we  convert  the  bipolar  random  variable  into  a  unipolar  random 
variable.  We  do  this  by  passing  the  filter  output  through  a 
squarer  as  shown  in  Fig.  3.  This  results  in  a  nonnegative  random 
variable  which  is  used  in  threshold  testing.  In  the  case  of  multi¬ 
ple  unconelated  amplitude  and  phase  samples  of  the  waveform, 
we  integrate  (not  shown)  the  squarer  output  to  form  a  single  <fe- 
sited  random  variable. 

In  a  decision  process  (hypothesis  testing),  we  simply  com¬ 
pare  the  desired  output  of  the  filter  or  correlator  to  a  predeter¬ 
mined  threshold  to  test  the  condition  whether  or  not  the  signal  is 
present  in  the  received  waveform.  SirKe  the  actual  filter  output 
is  a  random  variable  (the  quantities  on  the  right  hand  side  of 
Eqs.  (7)  and  (8)  are  merely  averages),  then  there  is  a  nonzero 
probability  that  noise  alone  will  exceed  the  threshold  and  ap¬ 
pear  as  signal  plus  noise.  Also  there  is  a  nonzero  probability  that 
signal  plus  noise  will  not  exceed  the  threshold  and  thus  appear 
as  noise  alone.  These  conditions  constitute  probabilities  of 
error,  the  determination  of  which  forms  the  basis  for  evaluating 
processing  performance.  The  larger  the  signal-to-noise  energy 
ratio,  the  easier  it  is  to  set  the  threshold  to  minimize  the  error 
probability  and  maximize  the  probability  of  a  correct  decision. 

The  above  discussion  on  correlation  and  filtering  in  linear 
systems  holds  for  all  types  of  waveforms  including  coded,  pulse 
compression,  and  a  train  of  pulses.  The  correlation  aral  integra¬ 
tion  functions  will  differ  depending  on  the  nature  of  the  wave¬ 


forms  and  their  statistical  properties.  Excellent  presentations  on 
this  subject  may  be  found  in  Van  TVees  [5]  and  DiFranco  and 
Rubin  [6]. 

3.  SUMMARY 

In  our  tutorial  on  preprocessing,  we  have  {provided  insight 
into  the  importance  of  pneamplification  for  combating  system 
noise.  We  have  also  shown  that  it  is  the  energy,  and  not  neces¬ 
sarily  the  power,  in  the  signal  that  determines  the  performance 
of  a  processor  algorithm. 

A  future  article  will  cover  the  whitening  process  when  the 
noise  has  certain  correlation  characteristics,  i.e.,  colored.  There 
will  also  be  a  discussion  on  the  differetKe  between  independent 
sources  of  noise  and  eigenvectors  which  show  up  in  noise  co- 
variance  matrices. 
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Abstract  -  There  is  a  variety  of  ways  to  measui  e  the  quality  of knowledge  work. 
Vie  best  selection  for  a  particular  application  depends  on  how  the  user  defines 
quality  and  the  intended  use  of  the  measure.  This  paper  catalogues  possible 
measures  according  to  five  different  perspectives  on  quality  and  four  differem 
uses  of  quality  measures.  It  concludes  with  some  recommendations for  measur¬ 
ing  quality  in  a  laboratory. 


1.  INTRODUCTION 

Quality  is  of  vital  interest  to  the  managers  of  knowledge 
workers  such  as  the  engineers  and  scientists  of  government  re¬ 
search  and  development  laboratories.  These  agencies  are  now 
in  fierce  competition  for  a  shrinking  amount  of  available  funds. 
Like  hardware  producers,  laboratories  providing  quality  prod¬ 
ucts  and  services  have  the  best,  perhaps  only,  chances  for  sur¬ 
vival. 

Although  the  multitude  of  quality  'gurus'  do  not  agree  on  ev¬ 
erything,  they  have  some  common  ideas.  One  of  these  is  that 
how  one  measures  quality  is  of  extreme  importarree.  This  paper 
will  discuss  the  measurement  of  quality  in  knowledge  work. 

There  is  no  universally  accepted  standard  definition  for  qual¬ 
ity.  Indeed,  Garvin*  identifies  five  categories  of  definitions  for 
quality.  These  are 

1 .  Transcendent  quality:  a  subjective  feeling  of  'goodness’. 

2.  Product-based  quality;  measured  by  attributes  of  the  prod¬ 
uct. 

3.  Manufacturing-based  quality:  conformance  to  the  specifi¬ 
cations. 

4.  Value-based  quality;  'goodness'  for  the  price. 

5.  User-based  quality;  the  capacity  to  satisfy  the  customer. 

Each  of  these  categories  stems  from  definitions  coined  by  an¬ 
alysts  attempting  to  meet  their  particular  quality  needs.  One 
should  note  that  the  categories  are  not  mutually  exclusive.  In 
particular,  no  matter  which  definition  is  used,  quality  is  always 
ultimately  defined  by  the  customer  (i.e.  user-based). 

Any  quality  definition  used  must  be  compatible  with  the  pur¬ 
pose  of  the  measurement.  Within  the  umbrella  of  measuring 
quality,  one  could  be  attempting  to  gauge  customer  satisfaction, 
appraise  the  agency's  overall  quality,  appraise  an  individual's 
performance,  or  improve  specific  products,  services  and  pro¬ 
cesses.  This  paper's  objective  can  therefore  be  restated  as  filling 
in  the  blanks  on  the  generic  matrix  in  Table  I. 


Tablet.  Mcasuns  of  knowledge  woric 


Purpose;  Rate  Appraise  Appraise  Improve 

customer  agency  uxlividuals  products 

satisfaction  and 

processes 


Measure; 

Type  of  _  _  _  _ 

measure: 

2.  TRANSCENDENT  QUALITY  MEASURES 

'...Even  though  Quality  cannot  be  defined.  You  know  what  it 
is',  said  Robert  M.  Pirsig  in  Zen  and  the  Art  of  Motorcycle 
Mairaenance.  Pirsig 's  statement  epitomizes  the  theory  behmd 
transcendent  quality  measures,  which  are  merely  means  for 
capturing  subjective  opinions. 

The  most  common  tool  for  transcendent  quality  measure¬ 
ment  is  the  rating  scale.  For  example,  cake  mixes  are  tested  by 
submitting  their  products  to  a  panel  which  rates  the  taste  of  the 
cake  on  a  scale  from  one  to  five,  with  five  being  the  best  possi¬ 
ble.  Knowledge  workers  sometimes  use  peer  ratings  in  a  similar 
manner.  When  an  attribute  is  actually  subjective,  like  taste,  the 
transcendent  cannot  be  challenged.  In  areas  where  other  mea¬ 
sures  are  possible,  the  more  objective  measures  are  generally 
preferable.  Even  then,  subjective  opinion  may  be  useful,  so 
long  as  it  reflects  the  opinion  of  the  customer.  In  fact,  the  tran¬ 
scendent  opinion  of  the  customer  is  the  most  important  measure 
of  erne’s  quality. 

In  the  authcM'’s  opinion,  a  useful  area  for  transcendent  mea¬ 
sures  of  quality  is  in  the  appraisal  of  individual  performance. 
Dr.  W.  Edwards  Deming,  the  most  respected  ’guru’  of  quality, 
condemns  the  use  of  annual  appraisals  for  several  reasons. 
However,  appraisal  systems  will  probably  be  with  us  for  a 
while.  The  use  of  transcendent  measure  may  be  one  way  to 
make  them  work.  My  recommendatirm  is  to  use  general  catego¬ 
ries  (e.g.  shows  initiative)  scored  by  the  subjective  opinion  of 
the  employee’s  supervisor,  on  the  assumption  that  the 
supervisor’s  transcendent  quality  Judgement  of  the  employee  is 
likely  to  be  an  accurate  measure.  (He  will  know  quality  work 
when  he  sees  it.) 
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Finally,  even  when  using  mote  objective  quality  definitions, 
the  transcendent  can  be  useful  as  a  ’sanity  check’.  If  a  measured 
quality  value  ’feels’  too  high  or  too  low,  perliaps  one’s  intuition 
is  calling  for  the  re-evaluation  of  the  selection  of  measures. 

Transcendent  definitions  of  quality  are  of  no  lielp  in  deter¬ 
mining  how  to  improve,  and  in  measuring  progress,  except  in  a 
gross  sense. 

A  siunmary  of  the  above  is  shown  in  Table  II. 

3.  PRODUCT-BASED  QUALITY  MEASURES 

Product-based  quality  is  measured  by  the  amount  of  some  de 
sired  ingredient  or  attribute.  For  example,  the  speed  of  a  fighter 
plane  (or  of  a  computer).  In  knowledge  work,  one  desired  attri¬ 
bute  may  be  innovation.  Tlie  difference  is,  of  course,  that  it  is 
easy  to  measure  speed  and  difficult  to  measure  innovation. 

Since  innovation  and  other  intangible  features  are  desired  not 
for  tliemselves,  but  for  their  impact  on  the  product,  measurable 
units  such  as  speed  will  reflect  tlie  quality  of  knowledge  work 
once  the  work  has  made  the  transition  into  hardware  or  soft¬ 
ware.  Under  such  circumstances,  system  parameters  can  be 
measured  to  establish  the  quality  of  the  underlying  knowledge 
work.  This  does  not  mean  it  is  easy.  For  example,  there  are 
m;my  parameters  of  an  electronic  system  which  represent  desir¬ 
able  attributes.  Unless  a  few  dominate,  the  analyst  can  be 
swamped  with  measures.  One  can  try  to  select  the  most  mean¬ 
ingful  measures,  which  should  be  the  main  interests  of  the 
product’s  user,  and  the  main  reasons  the  product  was  devel¬ 
oped  To  be  effective  as  quality  measures,  however,  tlie  mea¬ 
sured  values  must  be  referenced  to  some  benchmarks.  For  ex¬ 
ample,  the  spieed  of  a  computer  is  useless  for  quality  evaluation 
unless  the  analyst  knows  wluit  previous  machines  delivered. 
Percentage  improvement  in  a  parameter  over  previous  achieve 
metils  is  an  appropriate  measure  of  the  quality  of  the  imjirove- 
nienl  effort. 

Besides  selecting  the  critical  parameters,  a  problem  with  at¬ 
tribute  measures  is  that  trade  offs  may  not  be  recognized.  Speed 

IVil'Ir  II  rniiiscnximi  <|iiHlily  iiitasiuv.s  of  kiKiwInlgr  work 


Purpose:  Rate  customer 
satisfaction 

Appraise 

agency 

Appraise 

individuals 

Measure: 

Rating  scales 

Rating  scales 

Rating  scales 

of  customer 

of  customer 

of  siqxTvisor’s 

Type  of 

opinioas 

or  peer 
opiniot\s 

opinions 

measure: 

Subjective 

Subjective 

Subjective 

may  be  enhaiKed  at  tlie  expense  of  payload  which  may  or  may 
not  be  an  improvement  overall.  One  way  to  evaluate  tJiis  is  the 
use  of  all-encompassing  measures  such  as  ’systems 
effectiveness’.  Systems  effectiveness  can  be  defined  as  a  func¬ 
tion  of  a  system’s  availability,  dependability  and  capability 
against  a  spiecified  threat.^  In  the  simplest  case,  availability  is 
the  probability  of  a  system  being  operable  when  needed,  de¬ 
pendability  the  jjrobability  that  it  will  remain  ojjerable  for  the 
length  of  a  mission  and  capability  the  conditional  probability 
that,  if  operating,  it  will  successfully  complete  the  mission.  For 
this  simple  case: 

System  effectiveness  =  (Availability) 

X  (Dependability )x  (Capability) 

When  one  begins  to  consider  degraded  mission  states,  varia¬ 
tions  in  the  threat,  ability  to  repair,  etc.,  this  simple  formula  ex¬ 
pands  to  a  problem  in  matrix  algebra.^ 

An  approach  between  the  measurement  of  a  few  selected  pa¬ 
rameters  and  the  calculation  of  system  effectiveness  is  the  use 
of  indexes.  Indexes  are  artificial,  but  supposedly  not  arbitrary, 
groupings  of  measures  into  an  overall  single  measure.  Exam¬ 
ples  are  the  consumer  price  index  and  the  index  of  leading  eco¬ 
nomic  irxiicators.  Similarly,  a  quality  index  can  be  created  by 
identifying  parameters  of  interest,  establishing  measures, 
weighing  the  measures  and  combining  them  into  one.  As  a  sim¬ 
ple  example.  Gunning**  describes  a  'fog  index’  for  evaluating 
uTKletstaixiability  of  text.  It  is  calculated  by  computing  the  aver¬ 
age  sentence  length,  adding  this  to  the  number  of  words  of  three 
syllables  or  more  in  100  words,  then  multiplying  by  0.4. 
Though  Gunning  claims  his  index  corresponds  roughly  with  tire 
niuiiber  of  years  of  schooling  a  person  would  require  to  read  tire 
text  with  ease  and  understanding,  an  index  figure  is  generally 
not  meaningful  in  absolute  tenns.  Rather,  it  shows  trends, 
which  is  generally  satisfactory.  The  results  can  be  compared  to 
betKhmarks  and  can  also  be  plotted  on  a  control  clrart.  Agaiirst 
these  advantages,  if  its  components  are  not  chosen  carefully,  it 
can  be  an  arbitrary  number  not  particularly  good  as  a  measure 
of  quality.  ReferetKe  5  describes  a  sophisticated  indexing  ap¬ 
proach. 

The  more  tangible  the  product,  the  better  product-based  mea 
sures  work.  However,  in  knowledge  work  tlie  product  is  often 
intangible,  such  as  a  conceptual  design  or  a  set  of  recommenda¬ 
tions,  and  product  parameters  cannot  be  measured  as  reflections 
of  quality  attributes.  One  way  to  overcome  this  situation  is  to 
use  even  more  indirect  measures  so  long  as  they  also  correlate 
with  the  attributes  desired.  For  example,  a  large  number  of  pa 
tents  sliould  indicate  an  innovative  agency.  Although  tliis  does 
not  guarantee  tliat  any  particular  product  of  that  agency  will  be 
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ptxxluced  witli  a  high  degree  of  itinovatioii,  it  can  provide  a  se 
cure  feeling  to  a  potential  ciLstonier  ainl  to  the  laboratory  tnan 
ager.  Again,  beiKhinarks  an*  needed  for  accurate  interpretation. 

Some  sample  nieasures  might  be  the  ratio  of  in  house  to  con 
tracted  work,  numbers  of  papers  published,  patents  awarded, 
resources  spent  on  education  and  training  activities,  advanced 
degrees  earned,  name  requests  for  consulting  cotnmittees  re 
ceived,  and  the  amount  of  national/intenutional  professional 
activity  among  the  knowledge  workers  Tliese  are  measures  of 
the  laboratory  climate  or  environment  favoring  qualify  knowl 
edge  work. 

One  could  also  measure  the  climate  opposing  quality  in 
knowledge  work.  Common  measures  indirectly  showing  un¬ 
favourable  climates  include  absenteeism,  turnover  percentage, 
average  sick  days  taken  per  employee,  etc.  Poor  environments 
could  p<-rliaps  be  more  directly  measured  by  the  number  of  ap 
provals  required  to  do  work,  tlie  ratio  of  overhead  to  productive 
activity,  the  length  of  time  required  to  obtain  a  part  or  a  piece  of 
test  equipment,  etc  These  could  be  labelled  ’liassle  indexes'. 

In  summary,  product-based  quality  measures  are  most  useful 
when  tangible  prcxlucts  are  available.  Attributes  such  as  the 
ability  to  innovate  cannot  be  measured  directly.  Instead,  product 
attributes  and  measures  of  environment  can  be  used.  BerKh- 
marks  are  needed  to  evaluate  the  measures,  Table  III  summa¬ 
rizes  this  infonnation 

4.  MANUFACTURING-BASED  QUA1.ITY 
MEASURES 

Periiaps  tile  best  illustration  of  manufacturing-based  quality 
definitions  was  proposed  by  Philip  Crosby,  who  equated  quality 
to  compliance  with  specifications.^’  This,  of  course  presumes 
tangible  products  or  services,  which  for  knowledge  work  could 
include  such  items  as  technical  reports  and  briefings  as  well  as 
the  more  obvious  hardware  and  software  end-products. 


Talilr  til  t*nxhK:t-tia.se4l  miality  iirasiiirsof  kimwlatgc  work 


Pur^xise: 

Rate  customer 
satisfaction 

Appraise  agency 

Measure: 

Product  parameters. 

Climate  indicators. 

perfonnatKe 

(a  )  favourable 

iridexes,  system 

signs. 

effectiveness 

(b)  ‘hassle 

(against 

indexes 

Type  of 

benclimarks) 

(against  benchmarks) 

inrasim-: 

Objective 

Surrogate 

The  most  conunonly  used  manufacturing  Kased  quality  mc.i 
sure  is  defect  rate  (i.e.  the  percentage  of  tlie  piroduct  not  in  com 
pliance  with  specifications).  Defect  rate  is  a  universal  quality 
measure  and  can  be  applied  to  knowledge  work  as  well  as  man 
ufacturing,  though  not  as  easily,  by  formulating  an  appronnate 
operating  definition  of  defect.  Besides  percentage  defects,  there 
are  other  manufacturing-based  measures  of  quality  of  vary  ing 
utility  to  knowledge  work.  For  example,  yield  is  a  common 
measure  of  product  quality  which  really  is  not  too  useful  in 
measuring  knowledge  work.  On  the  other  hand,  cycle  time  is 
anotlier  widely  used  ineasure  which  is  easily  applied  to  know  l 
edge  work. 

Product-based  measures  become  manufacturing  b.ased  mea 
siires  when  acceptable  limits  are  defined.  For  example. 
Gunning's  'fog  index' can  be  used  to  specify  a  required  value  of 
understandability,  which  can  then  he  evaluated  by  a  manufac 
turing-based  quality  measure  (e  g.  percentage  of  reports  ex 
ceeding  a  specified  'fog  index'). 

Another  manufacturing-based  quality  measure  is  the  varia 
tion  among  products.  All  products  will  have  some  variation, 
and  the  greater  this  is,  the  more  defects  there  will  be.  Fcir 
illustration,  suppose  one  did  specify  that  all  reports  to  a  particu¬ 
lar  customer  should  have  a  fog  index  no  higher  tlian  1 2.  If  mea 
surements  show  the  average  fog  index  of  the  reports  to  be  1 1  -0, 
the  writers  are  not  necessarily  doing  well.  They  could  be  pro¬ 
ducing  reports  with  fog  indexes  between  10  and  1 2,  or  between 
9  and  1 3,  or  between  8  and  14,  etc.  The  greater  the  variance,  the 
nwre  products  which  are  out  of  specification,  and  the  less  pre 
dictable  the  quality  of  a  given  single  product  Variance  can  be 
measured  in  various  ways,  such  as  by  range  (the  difference  be¬ 
tween  the  highest  and  lowest  values)  or  by  standard  deviation  (a 
statistical  measure).  Assuming  a  nonnal  or  beilshaped  distribu¬ 
tion  of  the  piarameter,  99.7  per  cent  of  the  product  will  have  val¬ 
ues  no  mote  than  three  standard  deviations  (a)  away  from  the 
mean  value.  The  lower  the  value  of  o,  tlie  rnote  unifomiity  in 
the  product. 

VariatKe,  however,  is  not  the  whole  story.  Suppose,  for  ex¬ 
ample,  the  mean  fog  index  of  our  reports  was  14  0  and  3  o  w  as 
0'2,  The  understandability  of  our  reports  is  quite  predictable, 
but  that  would  be  of  no  comfort  to  the  customer  who  needs  a 
fog  index  of  1 2  or  less.  HerKe,  both  the  mean  and  variance  are 
important.  A  measure  which  considers  both  is  called  process  ca¬ 
pability  (Cp).  It  compares  the  mean  and  variance  of  a  product 
parameter  to  specified  limits. 

(upper  specification  limit 


6  o 

Thus  a  Cp  of  10  means  that  99  .7  per  cent  of  the  product 
would  be  ‘in  spec',  assuming  that  the  mean  of  the  product  is 


centered  between  the  upper  and  lower  control  limits.  To  allow 
for  means  in  other  locations,  a  process  performance  (Cpk) 
index  can  be  used: 

(minimum  distance  between  the 
Cpk  -  mean  and  either  control  limiti 
3o 

Using  either  measure,  the  higher  the  value,  the  better. 
Motorola’s  ’six  sigma’  programme  strives  for  a  Cp  of  2  0  (60 
between  the  target  mean  and  the  specification  limits)  which, 
when  the  true  mean  is  1  -5  0  off  target,  translates  to  a  defect  rate 
of  3  4  parts  per  million. 

For  non-structured  work,  the  main  issue  with  manufacturing- 
based  quality  definitions  is  determining  what  the  ’specification’ 
is.  A  specification  for  a  study  on  computer  technology  may 
specify  the  format,  perhaps  even  the  type  style,  of  the  final  re¬ 
port,  which  are  all  of  secondary  importance  to  a  host  of  consid¬ 
erations  such  as  responsiveness,  innovation,  realism,  clarity, 
etc.  With  the  exception  of  the  fog  index  for  understandability, 
the  author  has  found  no  specifiable  measures  of  these  critical 
desires.  If  one  assumes  that  meeting  the  specifications  for  a 
product  reflects  desired  intangibles  such  as  innovation,  measur¬ 
ing  conformance  is  adequate.  Otherwise,  the  manufacturing- 
based  measures  simply  will  not  work.  One  could  specify  that  a 
product  show  innovation,  but  verification  of  compliance  would 
require  a  subjective  opinion,  which  is  a  transcendent,  not  a 
manufacturing-based  quality  measure. 

Manufacturing-based  quality  figures  do  have  an  important 
place  in  knowledge  work.  A  laboratory’s  operations  include 
many  processes  and  subprocesses.  It  is  impwrtant  to  note  that  in 
knowledge  work,  as  in  any  other,  the  final  customer  is  only  the 
last  of «ries.  Each  office  involved  in  a  process  is  the  customer 
for  some  input  and  the  provider  of  some  output  to  another  cus¬ 
tomer.  Thus,  even  the  process  of  creating  innovations  will  in¬ 
clude  such  processes  as  publishing  reports,  obtaining  laboratory 
equipment,  awarding  contracts,  etc.,  which  can  be  evaluated  by 
manufacturing-based  quality  measures.  Improving  these  pro¬ 
cesses  must  improve  the  laboratory  operatiorrs,  even  if  we  to¬ 
tally  ignore  intangibles  such  as  innovation.  For  example,  short¬ 
ening  the  time  to  obtain  a  needed  instrument  yields  more  time 
for  performing  experiments  with  it,  which  in  turn  can  produce 
more  innovations. 

Process  improvement  is  the  heart  of  total  quality  manage¬ 
ment  (TQM).  Improving  the  process  can  be  accomplished  by 
radical  innovations  or  by  accumulation  of  many  small  changes. 
Either  way,  it  begins  with  an  understanding  of  the  process,  and 
depends  on  the  measurement  of  quality  indicators.  The  process 
itself  should  tell  you  what  to  measure.  If  the  process  is  proposal 
evaluation,  for  example,  cycle  times  and/or  the  number  of  cor¬ 


rections  required  (defects)  may  be  compiled  to  establish  a  base¬ 
line  against  which  proposed  improvements  can  be  compared. 

One  danger  in  measuring  a  process  is  that  what  you  measure 
becomes  the  priority,  and  stMne  ways  of  improving  one  param¬ 
eter  may  deteriorate  other  critical  parameters.  Optimizing  a  pro¬ 
cess  may  therefore  adversely  affect  a  larger  process  in  which  it 
is  embedded,  or  the  quality  of  the  process  by  other  measures. 
For  example,  improvements  in  the  cycle  time  for  proposal  eval¬ 
uations  can  be  made  by  taking  less  care  in  doing  the  work,  for  a 
loss  in  quality  measured  by  the  number  of  errors.  As  always,  the 
test  of  value  added  is  the  overall  impact  on  the  customer. 

This  section’s  summary  is  given  in  Table  IV. 

5.  VALUE-BASED  QUALITY  MEASURES 

In  value-based  quality  definitions,  cost  is  a  consideration.  A 
low-cost  automobile  which  provides  dependable  and  reason¬ 
ably  comfortable  transportation  would  be  considered  a  quality 
vehicle  even  if  it  does  not  have  the  features  of  a  Rolls-Royce.  In 
fact,  the  Rolls-Royce  may  be  considered  too  expensive  for  what 
it  provides  and  hence  not  good  value  for  the  average  consumer. 

Quality  is  also  not  independent  of  schedule.  As  discussed 
above,  cycle  time  is  a  measure  of  quality,  but  improving  cycUc 
time  can  adversely  affect  other  facets  of  quality  such  as  product 
defect  rates.  Conversely,  a  good  product  delivered  too  late  may 
be  of  no  use  to  the  customer. 

The  author’s  view  of  value-based  quality  is  that  every  prod¬ 
uct,  service  or  process  can  be  measured  in  three  dimensions: 
cost,  time  and  some  measure  of  ’goodness’,  such  as  percentage 
defects.  Improvements  which  change  one  without  detriment  to 
the  other  two  are  always  worth  while.  Other  changes  may  or 
may  not  be  worth  while  depending  on  the  overall  effect  on  the 
customer.  Although  the  tradeoffs  between  cost,  schedule  and 
’goodness’  can  be  a  subjective  matter,  all  quality  decisions 
should  try  to  balatKe  the  three  considerations.  For  example, 
contracting  can  be  measured  by  cycle  time  (schedule),  over¬ 
head  man-hours  (cost)  and  number  of  protests  per  contract  (de¬ 
fects).  Measuring  only  c»ie  of  these  invites  sacrificing  the  oth¬ 
ers.  For  case  of  reference,  a  balanced  combination  of  cost, 
schedule  and  ’goodness’  measurements  will  be  referred  to  in  the 
Tables  as  a  ’quality  troika’. 

Another  approach  to  using  value-based  measures  is  to  distin¬ 
guish  between  effectiveness  arxl  efficiency.  Effectiveness  mea¬ 
sures  the  ’goodness’  of  a  product  or  service  for  its  user,  whereas 
efficiency  considers  the  cost  of  making  it  happen.  To  illustrate 
the  differetKC,  consider  the  example  of  supplying  integiated 
circuits  meeting  the  customers  needs  by  making  much  more 
than  ordered  and  screening  the  output.  The  customer  may  be 
pleased  with  the  product  (high  effectiveness),  but  the  cost  of 
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Table  IV  Manufacturing-based  quality  measures  of  krxrwledgc-woiic. 


Table  V 


Purpose: 

Rate  customer 
satisfaction 

Appraise 

agetKy 

Improve 
products  atKi 
processes 

Measure: 

Programme  or 

Aggregates  of: 

Process 

product  line: 

defect  rates 

parameters: 

defect  rates 

Cp  or  Cpk 

defect  rates 

Type  of 

Cp  or  Cpk 
cycle  times 

cycle  times 

Cp  or  Cpk 
cycle  times 

measure: 

Statistical 

Statistical 

Statistical 

quality  will  be  higher  than  it  should  be  (low  efficiency).  Effec¬ 
tiveness  can  be  measured  perhaps  by  sales  (or  the  laboratory 
equivalent:  amount  of  external  funding),  market  share  or  one  of 
the  product-based  measures.  Efficiency  is  measured  by  the  cost 
of  quality,  overhead  rates  or  one  of  the  manufacturing-based 
measures. 

Tfie  cost  of  quality  is  another  concept,  developed  by  Crosby.^ 
It  includes  the  cost  of  preventing  defects,  the  cost  of  inspection, 
the  cost  of  rework  and  the  cost  of  waste.  As  Deming  notes,^  it 
also  itKiudes  immeasurable  costs,  such  as  the  cost  of  a  lost  cus¬ 
tomer.  Many  companies  look  only  at  the  first  two  costs,  consid¬ 
ering  only  the  money  spent  by  their  quality  professionals  (in 
prevention  and  inspection)  as  the  cost  of  quality.  In  reality,  a 
typical  company  may  be  spending  25  per  cent  of  its  manufac¬ 
turing  costs  on  rework  and  scrap. 

It  is  an  axiom  of  TQM  that  more  effort  in  preventing  defects 
is  repaid  many  times  over  in  savings  in  the  other  cost  areas  for 
an  overall  lower  cost  of  quality.  One  way  of  measuring  quality, 
from  the  standpoint  of  efficierKy,  could  therefore  be  the  deter¬ 
mination  of  the  measurable  components  of  the  cost  of  quality. 
The  lower  the  cost  of  quality,  the  higher  the  efficiency  of  the 
quality  effort. 

Still  another  approach  is  the  Taguchi  loss  function,  which 
considers  any  product  not  meeting  the  design  centre  to  be  of 
lesser  quality  as  a  function  of  its  variation,  even  though  it  may 
still  be  within  the  specification  limits.^  There  are  actually  sev¬ 
eral  loss  functions,  covering  the  cases  where  the  product  has  a 
target  value,  where  bigger  is  better,  and  where  smaller  is  better. 
In  all  cases  the  calculated  loss  increases  with  the  square  of  the 
deviation  from  the  target.  The  loss  can  represent  actual  costs  for 
repair  of  a  defect,  lost  business,  etc.,  or  intangible  losses  such  as 
the  'loss  to  society’  because  of  poor  quality. 

One  way  to  matrix  this  information  is  shown  in  Table  V; 
Table  VI  organizes  the  information  in  the  same  format  as  Tables 

n-rv. 


To  Effectiveness  Efficiency  Combinations 

measure: 


Use:  Sales  Cost  of  quality  Quality  troikas 

Market  share  Overhead 
rates 

Loss  functions 

Tabic  VI.  Value-based  quality  measures  of  knowledge  work 


Purpose:  Appraise  agency  Improve  products  and 

processes 


Measure:  Cost  of  quality  Quality  troikas 

Overfiead  rates,  Sales,  Loss  functions 

Market  share 

Type  of 

measure:  Financial  Hybrid 

6.  USER-BASED  QUALITY  MEASURES 

As  previously  stated,  all  measures  of  quality  must  ultimately 
be  user-based.  The  problem  is  translating  user  satisfaction  to  an 
appropriate  quality  measure.  The  most  quoted  user-based  defi- 

o 

nition  of  quality  is  that  of  Juran,  who  defined  quality  as  fitness 
for  use.  Juran  divides  fitness  for  use  into  two  categories,  fea¬ 
tures  and  freedexn  from  deficiencies.  Features,  he  stated,  cost 
money  and  attract  customers,  whereas  freedom  from  defects 
saves  money  and  keeps  customers.  Knowledge  work  features 
could  include  innovations,  responsiveness,  ease  of  comprehen- 
si<m  of  ideas  presented,  etc.  and  freedom  from  defects  includes 
accuracy,  legibility  of  written  reports,  etc.  Under  this  definition, 
product-based  quality  measures  become  user-based  measures 
for  evaluating  features  arxl  manufacturing-based  measures  be¬ 
come  user-based  measures  for  evaluating  freedom  from  de¬ 
fects.  Transcendent  and  value-based  quality  measures  may 
measure  features,  freedom  from  defects  or  overall  fitness  for 
use,  depending  on  the  application.  Using  Juran 's  definition  of 
quality  as  the  starting  point,  the  various  measures  separate 
(roughly)  as  shown  in  Table  Vn.  Table  Vni  recombines  the  in¬ 
formation  into  the  usual  format,  and  summarizes  all  of  the  pre¬ 
vious  discussion. 
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7.  CONCLUSIONS 

Far  frotn  having  no  measures  of  the  quality  of  knowledge 
work,  there  appears  to  be  a  plethora  of  choices.  The  author  be¬ 
lieves  that  a  laboratory  should  measure  effectiveness  before  ef- 

Tat-lc-  VII 


To 

measures; 

Features 

Freedom  from 
defects 

Overall 

fitness 

Measure; 

Rating  scales 

Defect  rates 

Climate 

Product 

Cp  or  Cpk 

indicators 

parameters 

Cycle  times 

Sales 

Perfonnance 

Cost  of  quality 

Market  share 

indexes 

Systems 

effectiveness 

Overhead 

rates 

Loss  functions 

Quality  troikas 

ficiency  and  featvires  before  freedom  from  defects.  Effective¬ 
ness  makes  a  potential  customer  interested  in  the  work.  Effi¬ 
ciency  makes  the  purchase  more  affordable,  but  the  interest 
must  be  there  before  this  is  relevant.  Features  are  ttiore  import¬ 
ant  than  freedom  from  defects  for  similar  reasons.  For  a  labora¬ 
tory,  producing  'high  tech'  inefficiently  is  preferable  to  produc¬ 
ing  low  tech  efficiently.  Of  course,  producing  high  tech  effi¬ 
ciently  is  best  and  tnay  possibly  be  the  only  way  to  survive. 
The  custotner’s  transcendent  evaluation  of  quality  is  of  con¬ 
siderable  importance.  Hence,  it  is  the  first  measure  that  should 
be  obtained,  followed  by  measures  of  overall  effectiveness. 


Needed  next  are  efficiency  measures  to  ensure  ccwnpetitiveness 
and  help  one  remain  competitive.  All  critical  processes,  such  as 
contracting,  should  be  measured  for  continual  improvement  of 
those  things  within  the  control  of  the  agency  which  contribute 
to  the  customer’s  opinion  of  its  quality  or  to  the  affordability  of 
its  products.  Specific  ptroducts  and  p»rogrammes  should  have 
appropriate  quality  measures  developed  by  the  appropriate 
managers  in  the  laboratory,  working  with  their  specific  custom¬ 
ers.  This  adds  up  to  a  lot  of  measurements,  but  if  a  p?roduct,  p>ro- 
gramme  or  process  is  impertant,  it  calb  for  quality  measure¬ 
ment.  In  addition,  one  will  need  to  establish  benchmarks  to 
compare  against  the  measurements.  The  alternative  is  to  bet  the 
future  without  knowing  where  one  stands. 
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Rate  customer 
satisfaction 

Appraise  agency 

Appraise 

individuals 

Imprrove  pjroducts 
and  prrocesses 

Measure. 

Rating  scales 

Product  parameters 
Perfonnance  indexes 
Systems  effectiveness 
Defect  rates 

Cp  or  Cpk 

Cycle  times 

Rating  scales 

Climate  indicators 
Defect  rates 

Cp  or  Cpk 

Cycle  times 

Cost  of  quality 

Overhead  rates 

Sales,  Market  sliare 

Rating  scales 

Defect  rates 

Cp  or  Cpk 

Cycle  times 

Quality  troikas 

Loss  functions 

Typx*  of  measure: 

Subjective,  objective  or 
statistical 

Subjective,  surrogat  , 
statistical  or  financial 

Subjective 

Statistical  or  hybrid 

Deliiiition  of  quality: 

Traascenclent,  product- 
based  or  manufacturing- 
based 

Transcendent,  product- 
based,  manufacturing- 
ba.sed  or  value-based 

Transcendent 

Manufacturing-based  or 
value-based 
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Abstract  -  We  present  a  method  of  determining  lower  and  upper  bounds  on  the 
number  of  tests  required  to  detect  all  detectable  faults  in  combinational  logic 
networks.  The  networks  are  composed  of  AND,  OR  NAND,  NOR  and  XOR 
gates.  The  fault  model  assumes  that  single  stuck-at-zero  faults  occur  on  the 
line-  of  the  networks,  with  the  additional  requirement  that  XOR  gates  be  tested 
with  all  possible  input  combinations.  The  goal  is  to  provide  a  simple  and  effi¬ 
cient  implementation  that  processes  the  fanout-free  subnetworks  separately, 
and  then  combines  the  results  without  the  need  to  consider  the  effects  of  recon- 
vergera  fanout.  We  introduce  the  concepts  of  irredundaru  test  sets,  where  no  test 
can  be  deleted  regardless  of  the  order  of  test  application,  and  irredundaru  test 
sequences,  where  every  test  detects  at  least  one  additional  fault  when  tests  are 
applied  in  order.  Identifying  and  differentiating  between  these  types  of  collec¬ 
tions  of  tests  allows  us  to  understatui  more  precisely  the  mechanisms  and  ex¬ 
pected  performance  of  test  generation  aid  test  compaction  methods.  Hi  apply 
our  test  counting  technique  and  two  other  published  procedures  to  a  set  of 
benchmark  circuits.  Our  bounds  are  shown  to  compare  favorably  to  the  results 
obtained  by  the  other  published  approaches.  Hi  obtain  “minimal"  ard  "maxi¬ 
mal"  test  sets  and  test  sequerutes  using  a  greedy  optimization  technique.  Our 
bounds  are  shown  to  produce  tight  bounds  for  the  smaller  circuits;  they  grow 
more  conservative  as  the  size  of  the  circuits  increase. 


1.  INTRODUenON 

An  important  measure  of  the  testability  of  a  combinational 
logic  network  is  the  number  of  tests  required  to  detect  all  detect¬ 
able  faults  in  the  network.  In  this  paper  we  consider  the  problem 
of  determining,  or  at  least  estimating,  bounds  on  the  sizes  of 
collections  of  tests  that  detect  all  faults  in  a  digital  logic  network 
or  circuit.  Several  new  concepts  are  explored  in  this  paper.  We 
distinguish  between  the  properties  of  rest  sets  and  test  se¬ 
quences,  and  we  consider  both  lower  bounds  and  upper  bounds 
on  sizes  of  irredundant  collections  of  tests.  This  approach  al¬ 
lows  us  to  describe  and  bound  the  behavior  of  test  generation 
and  compaction  techniques  that  are  used  in  practical  test  gener¬ 
ation  schemes  today. 

The  approach  is  a  three-step  process.  First,  a  nonfmout-ftee 
combinational  logic  network  is  partitioned  into  fanout-free  sub¬ 
networks.  Second,  the  subnetworks  are  processed,  as  if  they 
were  standalone  networks,  to  obtain  bounds  on  test  counts.  At 
this  point,  the  bounds  are  achievable.  Third,  the  fanout-free  sub¬ 
networks  are  treated  as  black  boxes  and  their  test  counts  are 
used  to  obtain  bounds  on  the  number  of  tests  for  the  original, 
complete  network.  A  goal  is  to  develop  a  simple  and  efficient 
implementation  that  uses  a  minimum  of  knowledge  about  the 


fanout  structure  of  a  circuit  This  work  is  based  on  material  frrst 
presented  in  [1]. 

This  article  is  organized  as  follows.  Section  2  presents  pre¬ 
liminary  definitions,  the  most  critical  of  which  concern  the  con¬ 
cepts  of  irredundant  test  sets  and  sequences.  In  Sections  3  and  4 
lower  and  upper  bounds  are  obtained  on  the  number  of  tests  re¬ 
quired  to  detect  all  faults  in  fanout-free  networks.  In  Section  5 
these  results  are  employed  to  obtain  lower  and  upper  bounds  on 
the  number  of  tests  required  to  detect  all  detectable  faults  in 
nonfarK)ut-ftee  networks.  Results  of  applying  the  test  counting 
procedures  to  a  number  of  logic  circuits  ate  presented  in  Sec¬ 
tion  6,  and  these  bounds  are  compared  with  those  obtained  by 
other  techniques.  Ccoiclusions  are  presented  in  Section  7. 

2.  PRELIMINARffiS 

The  networks  considered  in  this  paper  contain  AND,  OR, 
NAND,  NOR  (AONN),  and  exclusive-OR  (XOR)  gates.  XOR 
"gates"  are  treated  as  indivisible  elements,  but  ate  assumed  to 
be  realized  in  terms  of  an  AONN  network  (such  as  all-N  AND). 
XOR  gates  have  two  inputs,  and  all  gates  are  single-output. 
Gates  are  connected  by  signal  or  logic  lines.  Primary  input  lines 
have  logical  values  that  are  sourced  externally.  Primary  output 
lines  are  the  only  lines  whose  logical  values  are  directly  observ¬ 
able. 

A  node  is  a  set  of  connected  lines  and,  in  the  class  of  networks 
considered  in  this  article,  every  node  is  driven  by  exactly  one 
line.  A  node  that  consists  of  more  than  one  line  is  a  fanout  node, 
<ind  it  is  assumed  that  fanout  is  from  a  single  origin  (i.e.,  fanout 
is  ideal).  The  line  that  drives  a  fanout  node  is  referred  to  as  the 
fanout  origin  (often  called  a  fanout  stem)  and  the  driven  lines 
are  the  fanout  branches. 

A.  Fault  Model 

Based  on  the  stuck-at  fault  model,  it  has  been  shown  that  2" 
tests  are  necessary  and  sufficient  to  test  any  logically  irredund¬ 
ant  AONN  realization  of  an  n-input  XOR  Function  [2].  Thus, 
every  two- input  XOR  gate  must  be  tested  with  all  four  possible 
input  combinations.  While  any  AONN  network  that  realizes  the 
XOR  function  must  include  lines  that  fanout,  XOR  gates  are 
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considered  to  be  indivisible  elements  in  our  approach  so  the 
fanout  within  XOR  gates  is  not  considered  when  categorizing  a 
network  as  fanout-free  or  nonfanout-free.  In  Section  5  it  is 
shown  that  it  is  desirable  to  identify  AONN  networks  that  real¬ 
ize  the  XOR  function,  and  treat  them  as  indivisible  XOR  gates, 
because  it  leads  to  better  upper  bounds  on  test  counts. 

We  assiUTie  that  in  the  presence  or  an  internal  stuck-at  fault  an 
XOR  gate  may  exhibit  any  one  of  the  2“*-  1  =  15  possible  faulty 
tnith  tables.  This  functional  fault  model  for  an  XOR  gate  sub¬ 
sumes  the  stuck-at  faults  on  the  input  and  output  lines  of  the 
XOR  gate.  We  can  now  define  the  fault  model  used  in  this  paper 
more  precisely  as  follows; 

Definition  I.  A  stuck-at  fault  in  combinational  logic  network  A/ 
is  defined  to  be  the  event  where  exactly  one  of  the  following 
statements  is  tme: 

a.  exactly  one  logic  line  in  N  is  pemianently  stuck-at-zero,  or 

b.  exactly  one  logic  line  in  N  is  pennanently  stuck-at-one,  or 

c.  exactly  one  XOR  gate  in  ^exhibits  a  faulty  truth  table. 

B.  Irredundant  Test  Sets  and  Test  Sezquences 

In  this  article  a  vector  of  logical  values  applied  to  the  primary 
inputs  during  testing  is  referred  to  as  a  test.  We  constrain  collec¬ 
tions  of  tests  so  that  each  test  in  a  collection  contributes  in  some 
way  to  fault  detection.  We  distinguish  between  collections  of 
tests  where  the  order  in  which  tests  are  considered  is  significant, 
and  where  the  order  of  the  tests  is  not  significant. 

Definition  2.  Irredundant  test  set  T,  for  network  N,  is  a  set  (an 
unordered  collection)  of  tests  in  which  every  test  in  T  detects  at 
least  one  fault  in  N  that  is  not  detected  by  any  other  test  in  T. 

Most  fault  detection  procedures  that  can  be  applied  to  large 
networks  involve  a  series  of  steps  where  test  generation  (target¬ 
ing  a  fault  or  set  of  faults  for  defection)  alternates  with  fault  sim¬ 
ulation  (to  detennine  which  faults  are  actually  detected).  Tire 
resulting  collection  of  tests  is  usually  larger  than  necessary,  and 
can  be  compacted  either  by  taking  advantage  of  don  f  care  sig¬ 
nal  assignments  or  by  eliminating  tests  that  do  not  contribute  to 
fault  detection.  Systematic  test  compaction  techniques  are 
known  (e  g  ,  [3],  [4J)  but  such  techniques  are  seldom  used  in 
practice  because  it  is  prohibitively-expensive  to  obtain  what 
amounts  to  a  "minimal  cover." 

It  is  well  known  that,  if  a  collection  of  tests  is  fault -simulated 
in  a  different  order,  then  some  tests  may  be  shown  to  be  unnec- 
es-siiry  [5],  [6j.  Tliis  provides  the  motivation  to  define  a  form  of 
test  irrediindaiicy  that  is  applicable  to  the  process  most  often 
used  in  pnictice: 


Definition  3.  Irredundant  test  sequence  U,  for  network  N,  is  a 
sequence  (an  ordered  collection)  of  tests  in  which  every  test  u  in 
U  detects  at  least  one  fault  in  N  that  is  not  detected  by  any  test 
that  precedes  u  in  U. 

The  problem  of  determining  or  estimating  test  set  size  has 
been  considered  by  many  authors  (e  g.,  [2j,  [7]-[17]).  The  usual 
goal  is  to  find  the  minimal  cardinality  of  any  test  set,  in  which 
case  the  assumption  is  implicit  that  test  sets  are  irredundant. 
Here,  we  systematically  investigate  the  best  and  worst  perfor¬ 
mances  possible  using  any  compaction  or  test  elimination  strat¬ 
egy 

Let  the  cardinality  of  test  set  T  (the  number  of  distinct  tests  in 
T )  be  denoted  by  |  T  |  .  Let  the  length  of  test  sequence  U  (the 
number  of  tests  in  U,  whether  they  are  distinct  or  not)  be  de¬ 
noted  by  I  1/ 1  .  In  this  article  the  term  size  is  used  for  both  set 
cardinality  and  sequence  length  where  it  is  unnecessary  to  dis¬ 
tinguish  between  the  two  terms. 

Set  irredundancy  is  stronger  than  sequence  irredundancy  in 
two  important  senses; 

•  Associated  with  each  irredundant  test  set  T  there  are  |  T  | ! 
irredundant  test  sequences  of  length  |  T  \  that  can  be  con¬ 
structed  by  taking  all  permutations  of  the  j  Tj  tests  in  T.  On 
the  other  hand,  the  |  1/ 1  tests  that  comprise  an  irredundant 
test  sequence  U  do  not  necessarily  constitute  an  irredund- 
ant  test  set. 

•  Let  t/  be  an  irredundant  test  sequence  such  that  its  tests 
correspond  to  a  redundant  test  set.  In  this  case,  there  exists 
a  reordering  of  the  tests  comprising  V  that  results  in  a  re¬ 
dundant  test  sequence,  U  '.  Furthermore,  although  every 
test  in  U  detects  at  least  one  fault  not  detected  by  any  test 
that  precedes  it  in  U,  one  or  more  tests  can  be  deleted  from 
U  yet  the  resulting  test  sequence  V  "  still  detects  all  faults 
delected  by  U. 

Sequences  possess  many  properties  that  are  analogous  to 
those  of  sets  [1].  A  concept  that  is  useful  in  deriving  the  results 
of  this  paper  is  that  of  a  subsequence,  which  is  analogous  to  the 
concept  of  a  subset. 

Definition  4.  Sequence  (/  is  a  subsequence  of  sequence  U  if 
and  only  if  all  of  the  elements  in  1/  are  also  in  U  and  the  rela¬ 
tive  order  of  the  elements  in  W  is  the  same  as  that  of  the  corre¬ 
sponding  elements  in  U. 


Let  f  be  a  set  of  faults  in  network  N.  N  is  said  to  be  irredund¬ 
ant  with  respect  to  F  if  and  only  if  for  each  fault  /  in  Tthere  ex¬ 
ists  at  least  one  test  for  /.  Otherwise,  N  is  said  to  be  redundant 
with  respect  to  some  fault  in  F.  In  this  paper  F  is  taken  to  be  the 
set  of  all  stuck-at  faults,  unless  otherwise  stated.  Tlie  general 
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problem  of  showing  that  a  logic  network  is  irredundant  is 
known  to  be  NP  Complete  [8],  [9], 

Definition  5.  For  network  .V,  denote  by  I.v  tlie  set  of  all  irredund¬ 
ant  test  sets  that  detect  all  faults  in  N.  Denote  by  I/y  the  set  of  all 
irredundant  test  sets  that  detect  all  detectable  faults  in  N.  Simi¬ 
larly,  denote  by  Rn  the  set  of  all  irredundant  test  sequences  that 

detect  all  faults  in  N,  and  denote  by  R.v  the  set  of  all  irredund¬ 
ant  test  sequences  tliat  detect  all  detectable  faults  in  N. 

\N  and  Riv  are  always  nonempty,  but  Ia/  and  R/v  are  non¬ 
empty  only  if  N  is  irredundant.  If  IjV  and  RA/are  nonempty,  then 
In  and  In  coincide  and,  Rn  and  Ra;  coincide. 

Definition  6.  For  network  N,  if  In  and  Rn  are  nonempty,  tlien  de¬ 
note  by  Min(lN)  the  minimal  cardinality  of  any  test  set  in  In,  and 
denote  by  Max(lN)  the  maximal  cardinality  of  any  test  set  in  In. 
Similarly,  denote  by  Min(  Rn  )  tlie  minimal  length  of  any  test  se¬ 
quence  in  Rn  ,  and  denote  by  MaxfRN )  the  nviximal  lengtli  of  any 
test  sequence  in  Rn  ■  Min(lN  ),  MaxCl.v  ),  Min(RN  ),  and 
Max(  Rn  )  are  defined  similarly,  in  tenns  of  In  and  Rri . 

It  is  clear  that  Min(lN  )  is  equal  to  Min(RN  ).  However, 

Max(RN  )  is  generally  greater  titan  Max(lN  ).  We  demonstrate 
this  by  means  of  an  example. 

Example  I .  Consider  the  smallest  of  the  ISCAS  '85  benchmark 
circuit,  C17  [24].  All  34  stuck-at  faults  on  the  lines  of  C17  are 
detectable  so  Ici?  and  Rci?  exist.  It  can  be  shown  tliat  Ici?  con¬ 
tains  10  tests  of  carditiality  4,  308  of  cardinality  5, 2,878  of  car¬ 
dinality  6,  1 ,848  of  cardinality  7,  and  252  of  cardinality  8.  Thus, 
Min(Ici7)  =  Min(Rci7)  =  4,  and  Max(Ici7)  =8.  It  is  more  diffi¬ 
cult  to  generate  the  entire  set  of  irredundant  sequences  that 
comprise  R(i7,  but  we  were  able  to  generate  an  irre.-lundant  test 
sequence  of  length  12.  Thus,  we  know  at  least  that 
Max(Rc’i7)  ^  1 2,  which  is  50%  greater  than  the  size  of  the  larg¬ 
est  test  set  in  If  17. 

It  has  been  shown  that  the  problem  of  estimating  the  actual 
value  of  Min(lN)  within  any  fixed  percentage  is  NP  Hard,  and 
thus  its  computational  complexity  is  comparable  to  those  of  the 
problems  of  fault  detection  and  redundancy  identification  [  14), 
[18],  [19].  However,  we  present  methcxls  for  detennining  close 
lower  and  upper  bounds  on  test  set  and  s<.'quence  sizes,  that  re¬ 
quire  computational  time  that  can  be  shown  to  grow  only  lin 
early  with  network  size. 

D.  Network  P.irlilioiiiiig 

Hie  test  counting  prcxredure  presented  in  this  article  is  l)as4-d 
on  determining  minimal  and  inaxiiual  test  set  and  sequence 


sizes  for  the  indi-.iiti’"'  fam  ..  iiee  subnetworks  of  a  loeic  net¬ 
work.  The  network  is  first  partitioned  into  distinci  maximal 
fanout-free  subnetworks  [1],  [23].  A  maximal  fanout-free  sub¬ 
network  is  one  that  is  not  a  subnetwork  of  any  other  fanout-free 
subnetwork  t'  uie  maximal  fanout-ffee  subnetworks  used  in 
tliis  article  are  furtlier  restricted  to  consist  of  either  AONN  gates 
only  or  XOR  gates  only.  Our  convention  is  to  consider  a  fanout- 
free  subnetwork  tliat  consists  of  only  a  line  to  be  an  AONN-type 
fanout-free  network.  It  is  important  to  note  tliat  the  partitioning 
method  of  this  paper  is  different  from  other  approaches  because 
of  the  special  handling  of  XOR  gates.  It  is  convenient  to  define 
the  following  sets  of  lines  in  a  network; 

Definition  7. 

•  FXn  is  the  set  of  all  lines  in  network  N  that  are  direct  con¬ 
nections  without  fanout  from  an  XOR  gate  to  an  AONN 
gate,  or  from  an  AONN  gate  to  an  XOR  gate. 

•  FOn  is  the  set  of  all  lines  in  network  N  tliat  are  fanout  ori¬ 
gins,  primary  outputs,  or  in  FXn- 

•  FBn  is  the  set  of  all  lines  in  network  N  that  are  fanout 
branches,  primary  inputs,  or  in  FXn 

•  FDftiy)  is  tlie  set  of  all  lines  driven  by  line  y,  where  y  is  in 
FOn  and  y  is  excluded  from  F£)n(_v)  unless  y  is  in  FXn. 

Each  maximal  fanout-free  subnetwork  in  network  /V  has  all 
of  its  primary  inputs  in  FBn,  and  its  primary  output  is  in  FOn. 
Any  nonfanout -free  network  n  can  be  partitioned  into  n  distinct 
maximal  fanout-free  subnetworks,  where  n  =  ]  FOn  |  and  n  >  2. 

Definition  8.  Let  n=  [FOn].  For  /  =  l,2,...n,  denote  by  N*  (note 
the  superscript!)  the  i'^  fanout-free  subnetwork  of  N,  and  denote 
by  N,  (note  the  subscript!)  the  identical  fanout-free  network  as 
an  independent,  standalone  network. 

Example  2.  Network  Na,  shown  in  figure  I.  has  been  parti¬ 
tioned  into  maximal  fanout-free  subnetworks.  Lines  a-p  are  cat¬ 
egorized  as  follows: 

FXn„  =  o  j 

EOn„  =  |rt,  e,J,  n,  o,  p  j 

FFn„  “  In,  b,  c,  d,f,  g,  h,  1,  k,  /,  n,  o  > 

FDn„{,i}  =  ifo,  c  I  FDn„(c)  =  'fig\  FDn„(i)  -  k,  I  '■ 

EDx,{„)  n  FD,\„i„)  -  o  F/)n„(/;)  -  0 

.Since  j  FOnu  I  6,  network  Na  has  six  maximal  fanout  free 
subnetworks  iv',  IV",  .  .  bf'. 
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3.  lEST  COUNTING  FOR  AONN 
FANOUT-FREE  NETWORKS 

In  this  section  lower  and  upper  boutids  are  derived  for  the 
sizes  of  irredundant  test  sets  and  sequences  for  fanout-free  net¬ 
works  consisting  only  of  AND,  OR,  NAND,  and  NOR  gates, 
but  not  XOR  gates.  Because  Berger  and  Koliavi’s  inetfiod  [10] 
is  the  starting  point  for  tliis  article’s  derivation  of  test  sets  and 
sequences  with  both  luiniinal  and  maximal  sizes,  a  brief  review 
is  presented  of  the  essential  elements  of  their  method,  and  ex¬ 
tensions  of  their  work  are  given. 

A.  Sensitized  and  Desensitized  Lines 

In  a  fanout-free  network,  line  x  is  said  to  be  sensitized  by  test 
t  if  and  only  if  t  causes  the  primary  output  to  be  sensitized  to  a 
change  in  tl.>  alue  on  x.  Any  line  that  is  not  sensitized  by  r  is 
desensitized  by  t.  Line  x  is  said  to  be  a  predecessor  of  line  y  if 
and  only  if  y  is  on  the  path  from  x  to  the  pnuiary  output,  and  x 
and  y  are  distinct;  line  y  is  then  said  to  be  a  successor  of  line  x. 
Every  line  is  considered  to  be  both  a  predecessor  and  a  succes¬ 
sor  of  itself. 

The  parity  of  a  line  is  said  to  be  even  (odd)  if  and  only  if  there 
are  an  even  (odd)  niunber  of  signal  inversions  between  that  line 
and  the  priinary  output.  The  parity  of  a  line  will  be  denoted  by 
p,  where  p  =  0  if  the  parity  is  even,  and  p  =  I  if  the  parity  is  odd. 
Let  p  ©  ;  denote  the  sum  (modulo  2)  of  p  and  a  logical  value  z- 

Berger  and  Kohavi  showed  that  any  test  set  T  for  AONN 
fanout  free  network  N  can  be  partitioned  into  two  test  sets,  To 
and  T|,  for  which  the  fault-free  A  has  the  output  values  0 and  1, 
respectively.  Thus,  F,  the  set  of  all  stuck-at  faults  in  N,  can  be 
partitioned  into  two  sets,  Fo  and  Fi,  where  faults  in  Fo  are  de¬ 
tected  only  by  tests  in  To  and  faults  in  Ti  are  detected  only  by 


tests  in  Ti.  Test  set  Tj,  z  =  0  ot  1,  is  said  to  be  irredundant  with 
respect  to  Fz  if  and  only  if  every  test  in  Iz  detects  at  least  one 
fault  in  Fz  that  is  not  detected  by  any  other  test  in  Tj. 

Extending  this  concept  to  sequences,  every  test  sequence  U 
for  an  AONN  fanout-free  network  N  can  be  partitioned  [  1  ]  into 
two  subsequences,  Uq  and  U\,  for  which  the  fault-free  network 
has  tlie  output  values  0  and  1 ,  respectively.  Test  sequence  Uz,  Z 
=  0  or  I ,  is  said  to  be  irredundant  with  respect  to  Fz  if  and  only 
if  every  test  u  in  Yz  detects  at  least  one  fault  in  Fz  tliat  is  not  de¬ 
tected  by  any  other  test  that  precedes  u  in  Uz- 

Berger  and  Kohavi’s  method  involves  transforming  a  fanout- 
free  network  into  two  characteristic  graphs  for  test  counting 
and  test  vector  generation.  Characteristic  graph  Go  (G\)  is  used 
to  count  and  generate  tests  in  To  (Ti),  with  the  goal  of  detecting 
all  faults  in  Fo  (Fi).  A  characteristic  graph  is  a  directed  graph 
consisting  of  lines  and  vertices.  Every  line  in  the  network  corre¬ 
sponds  to  a  line  in  the  characteristic  graph  and  every  gate  corre¬ 
sponds  to  a  vertex.  Each  vertex  is  either  a  minivertex  or  a  max¬ 
ivertex,  depending  on  three  factors:  the  corresponding  gate’s 
type,  the  parity  of  the  vertex’s  output  line,  and  the  logical  value 
of  the  faultfree  network’s  output.  Table  1  shows  how  this  as¬ 
signment  is  made.  In  table  1 ,  "M"  denotes  a  maxivertex,  "m" 
denotes  a  minivertex,  and  "even"  and  "odd"  refer  to  the  parity  of 
the  gate  output  line  with  respect  to  the  primary  output.  We  adopt 
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the  convention  that  a  single-input  vertex  is  a  niaxivertex. 


our  notation: 


Example  3.  Figure  2  shows  network  Nb  and  its  corresponding 
characteristic  graphs  Go  and  Gi. 

The  principles  expressed  in  Lemina  1  and  the  (a)  and  (b) 
parts  or  Lemma  2  were  used  by  Berger  and  Koliavi  to  achieve 
minimal  cardinality  test  sets.  The  (c)  part  of  Lenuna  2  is  a  new 
observation  and  is  the  key  priiKiple  that  enables  upper  bounds 
on  the  sizes  of  irredundant  test  sets  and  sequences  to  be  ob¬ 
tained: 

Lemma  1.  An  input  or  output  line  connected  to  any  maxi  vertex 
is  sensitized  (desensitized)  if  and  only  if  all  other  lines  con¬ 
nected  to  that  maxivertex  are  abo  sensitized  (desensitized). 
Lemma  2.  For  any  minivertex,  exactly  one  of  the  following 
three  conditions  is  true: 

a.  the  output  is  desensitized  and  all  inputs  are  desensitized,  or 

b.  the  output  is  serrsitized  and  exactly  one  input  is  sensitized, 
or 

c.  the  output  is  sensitized  and  no  input  is  sensitized 


B.  Lower  Bounds 

The  test  counting  procedure  derived  in  [10]  obtains  achiev¬ 
able  lower  bounds  on  |  To  |  and  |  T\  \  based  on  the  properties  of 
maxivertices  and  minivertices  summarized  in  Lemmas  1  and  2. 
Since  every  minimal  cardinality  test  set  T for  N  is  the  union  of  a 
minimal  cardinality  To  and  tninitnal  cardinality  Tu  this  proce¬ 
dure  calculates  Minfl/v)  for  AONN  fanout-ffee  networks.  It  is 
necessary  to  restate  the  sitnple  procedure  of  [10]  for  obtaining 
minimal  test  counts  for  fanout-free  networks  in  order  to  define 


Procedure  BKA.  Berger-Kohavi  Algorithm  (Test  Counting 
Portion). 

For  characteristic  graph  Gz,z=  0  or  1 : 

Step  1.  Associate  a  test  count  of  1  with  each  input  to  Gr. 

Step  2.  Every  maxivertex,  for  which  all  input  test  counts  have 
been  assigned,  has  associated  with  its  output  the  maximum  of  its 
input  test  counts.  Every  minivertex,  for  which  all  input  test 
counts  have  been  assigned,  has  associated  with  its  output  the 
sum  of  its  input  test  counts. 

Step  3.  If  the  output  of  Gj  has  not  been  assigned  a  test  count,  go 
to  Step  2;  otherwise,  tenninate. 

Denote  by  Sz(x)  the  test  count  given  by  the  BKA  for  line  x  in 
characteristic  graph  Gz-  Berger  and  Kohavi  showed  that  S;(y), 
where  y  is  the  output  of  N,  is  an  achievable  lower  bound  on 
I  Tz  j.  Therefore,  So(y)  +  Si(y)  yields  a  test  count  that  is  both 
Min(lAr)  and  Min(R/v). 

Example  4.  Characteristic  graphs  Go  and  Gi  of  figure  2  are  an¬ 
notated  with  minimal  test  counts.  For  network  Nb,  Minfl^j,)  = 
MinfR/Vj,)  =  6  +  3=9  tests. 

C.  Upper  Bounds 

In  [1]  characteristic  graphs  were  transformed  into  reduced 
characteristic  graphs  to  aid  in  proofs  concerning  maximal  test 
counts.  We  have  simplified  the  earlier  approach  and  now  anno- 
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I'ig  2.  (Continued) 

tate  (rather  than  modify)  the  characteristic  graphs  to  denote  crit¬ 
ical  lines  that  can  be  sensitized  independently. 

Procedure  ILLP.  Independent  Line  Labeling  Procedure. 

For  characteristic  graph  Gj,  z  =  0  or  1 : 

Step  1.  Make  every  single-input  vertex  a  maxivertex. 


Step  2.  Label  as  an  independent  line  (IL)  evety  line  that  is  not 
an  input  to  a  maxivertex. 

Step  3.  Isabel  as  an  independent  primary  input  (IPr;  every  IL 
that  is  not  a  successor  of  another  IL. 

In  the  context  of  a  characteristic  graph  labeled  by  the  ILLP, 
necessary  and  sufficient  conditions  to  detect  all  faults  are  sum- 
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luan/.od  in  tlie  following  two  lemmas  [1], 

Lemma  3.  Test  set  7%  (sequence  Uz)  detects  all  faults  in  Fz,  z  = 
0  or  1,  if  and  only  if  TV  (Uz)  sensitizes  every  IL  in  Gz  at  least 
once. 

Ixinma  4.  Test  set  Tz  (sequence  Uz)  detects  all  faults  in  Fz,  Z  = 
0  or  1,  if  and  only  if  Tz  (Uz)  sensitizes  every  IPI  in  G  at  least 
once. 

Ix-mma  3  lias  a  straightforward  but  lengthy  inductive  proof 
based  on  Lemmas  1  and  2,  and  Letntna  4  is  an  immediate  con¬ 
sequence  of  it.  Tliey  show  tliat  it  is  sufficient  to  consider  only 
tlie  ILs  and  IPIs  of  a  cliaracteristic  graph  to  detennine  if  a  test 
set  or  sequence  detects  all  faults  and  is  irredundant.  We  now 
have  enough  information  to  prove  the  following  theorems 
alxiut  maximal  test  counts  for  AONN  fanout -free  networks. 

Theorem  2.  Let  N  be  on  AONN  fanout  free  network  with  char¬ 
acteristic  graphs  Go  anri  Gi  labeled  by  the  ILLR  Max(lA/)  is 
less  than  or  equal  to  the  sum  of  the  number  of  IPIs  in  Go  and  Gi. 

Proof  Let  The  an  irredundant  test  set  that  detects  all  faults  in  Fo 
and  F\.  Without  loss  of  generality,  consider  only  the  subset  of 
tests  To  in  T,  because  the  proof  for  T\  is  similar  and  |  T]  =  |  To  | 
*  I  Ti  |.  Since  To  detects  all  faults  in  Fo,  by  Lemma  4  To  must 
sensitize  every  IPI  in  Go  at  least  once.  Since  Tis  irredundant  so 
is  To.  Now,  assume  tlmt  (  To  |  is  greater  than  the  number  of  IPIs 
in  Go.  Then  there  must  exi.st  a  proper  suliset  of  tests  in  To  that 
also  sensitizes  every  IPI  in  Go  at  least  once,  and  thus  by  l>emtiia 
4  this  suliset  would  delect  all  faults  in  Fo  as  well.  But  this  impl¬ 
ies  that  7i)  is  redundant,  which  is  a  contradiction. 

Hie  proof  of  Tlieorem  3  parallels  that  of  llieorem  2,  but  is 
ba.sed  on  l,emma  3  and  the  properties  of  subsequences: 

Theorem  3.  lu’t  N  be  an  AONN  fanout  free  network  with  char 
acteristic  graphs  Go  and  Gi  labeled  by  the  ILLP.  Max(RAf)  ks 
less  than  or  equal  to  the  sum  of  the  number  of  ll^  in  Go  and  Gi. 

The  total  numlx-r  of  IPIs  in  a  fanout  free  network’s  diameter 
i.stic  gmplis  must  lx-  less  than  or  equal  to  the  total  numlx’r  of  II^. 
Therefore,  MAX(I,v)  <  Max(R,v)  for  any  fanout  free  network 
N,  as  demonstrated  in  Iixam()le  2  In  [  I  ]  it  is  shown  by  coitslnic 
lion  that  the  bounds  stated  in  Theorems  2  and  3  are  m  fact 
achievable,  and  therefore  their  ilieipialilies  can  Ix'  replaced  by 
e(|ualilles. 

Fxample  5.  The  shaded  lines  of  the  characteristic  graphs  for  net 
work  Nh  shown  in  figure  2  are  the  ILs  and  IPIs.  Any  IL  that  is 
not  the  siicce.ssor  of  another  IL  is  an  IPI  A|)plying  Tlieorems  2 


and  3: 

Max(I/v,,)=  (total  luuiiber  of  IPIs)=  8+5=  13  tests 
Max(RjV/.)=  (total  niunber  of  ILs)=  11+7=  18  tests 

D.  Network  Input  Constraints 

We  have  considered  so  far  only  the  lest  counts  associated 
with  the  output  of  the  fanout-free  network.  Now  we  show  dial 
the  BKA  can  be  used  to  obtain  additional  constraints  on  signal 
assignments  at  the  inputs  of  the  network.  This  is  motivated  by 
the  example  of  Akers  and  Krishnamurthy  [15],  [16].  Tlieir  ap 
proach  involves  repeated  sweeps  through  the  entire  (nonfaiiout 
free)  network,  but  we  restrict  our  analysis  to  infoniiation  that 
can  be  obtained  by  processing  only  one  fanout-free  sub  netw  ork 
at  a  time.  Specifically,  we  show  how  the  BKA  can  lx*  ased  to 
obtain  lower  bounds  on  the  number  of  times  each  input  to  a 
fanout-free  network  must  take  the  values  0  and  1  in  any  mini¬ 
mal  cardinality  test  set. 

Ix'tnma  5.  Let  g  be  a  gate  in  an  AONN  fanout-free  network  and 
let  p  be  the  parity  of  the  input  lines  of  g.  Tlie  logical  value  on 
each  of  input  lines  of  g  is  given  by  />  ©  c  in  both  of  the  follow 
ing  cases: 

a.  g  is  a  maxivertex  in  chamcteristic  gnipli  Gz  and  its  output 

is  seisitized, 

b.  g  is  a  minivertex  in  characteristic  graph  G;  and  its  output  is 

desensitized. 

This  lemma  stales  that  the  same  logical  value  sensitizes  the 
inputs  to  a  maxivertex  in  one  cliaracteristic  graph  and  desensi¬ 
tizes  the  corresponding  minivertex  in  the  other  characteristic 
graph.  Tliis  interesting  fact  is  the  basis  of  a  llieorem  that  pro 
vides  lower  bounds  on  the  numlx  r  of  limes  each  input  to  a 
fanout  free  network  mast  lake  the  logical  values  0  and  I  basi'd 
on  its  BKA  test  counts.  Let  Qfw)  denote  a  lower  bound  on  the 
number  of  times  ic,  an  in(>ui  to  fanout  free  netw  ork  N,  must  take 
the  logical  value  z  in  any  minimal  cardinality  test  set  for  N. 

Tlieorem  4.  Ix"!  line  vc  be  an  input  to  AONN finoutfrcc  network 
N.  There  are  two  cases: 

Case  (a):  N  contains  at  least  one  multiple  input  gate.  Assign 
to  z  the  logical  value  such  that  ic  is  an  input  to  a  imix 
ivertex  in  characteristic  graph  G;  U't  y  be  the  first  sue 
cessor  of  u-  that  is  an  IL  in  Gz.  U't  x  be  the  successor  ofw 
that  is  the  input  to  the  maxivertex  that  .sources  \:  I  et  p  he 
the  parity  of  w  Then 
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Cj,  ®  /(u  )  =  5;(v)  +  S^y)  -  S^.x) 

C/T®'7(U)  =  1 

Case  (b):  N  consists  only  of  a  line  or  a  cascade  of  one  or 
more  single-inpul  gates.  Then 

Co(»’)  =  Ci(w)  =  1 

Proof.  If  is  a  line  or  a  cascade  of  single-input  gates  the  result 
is  clear.  Let  us  assume  that  N  contains  at  least  one  multiple- 
input  gate. 

Consider  first  Gz,  where  line  w  is  an  input  to  a  maxivertex. 
There  is  a  cascade  of  one  or  more  maxi  vertices  between  vv>  and 
>’,  and  any  test  that  sensitizes  y  can  be  shown  also  to  sensitize  w 
(via  Lemma  1  and  induction  on  the  number  of  maxivertices  in 
the  cascade).  Therefore,  w  must  be  sensitized  with  the  value 
p®  Z  (Lemma  5)  at  least  Szfy)  times. 

Now  consider  Gj  ,  where  w  is  an  input  to  a  minivertex.  There 
is  a  cascade  or  one  or  more  minivertices  between  w  and  >’.  Let  g 
be  the  minivertex  tliat  sources  y.  Line  x  (which  is  also  line  w  if 
the  cascade  has  only  one  minivertex)  must  be  desensitized 
whenever  any  other  input  to  g  is  sensitized.  Sziy)  is  the  sum  of 
the  minimal  test  counts  of  all  of  the  inputs  of  g,  so  x  must  be  de¬ 
sensitized  at  least  Sziy)  ■  S^x)  times.  It  can  be  shown  that  w 
must  also  be  desensitized  whenever  x  is  desensitized  (via 
Lemma  2  and  induction).  Therefore,  it,  must  be  desensitized 
with  the  value  p  ®  z  at  least  Sz(y)  -  S^x)  times.  In  total,  w  must 
be  assigned  the  logical  value  p  ®  Z  at  least  Sz(y)  +  Sz(y)  -  S^.t) 
times. 

In  Gz,  M’  must  be  sensitized  at  least  once,  and  the  logical 
value  it  must  take  is  p  ®  z  . 

4.  TEST  COUNTING  FOR  XOR 
FANOUT-FREE  NETWORKS 

In  this  section  lower  and  upper  bounds  are  provided  for  the 
sizes  of  irredundant  test  sets  and  sequences  for  fanout-ffee  net¬ 
works  consisting  only  of  two-input  XOR  gates  It  is  shown  in 
Section  5  that  this  approach  leads  to  tighter  bounds  than  if  XOR 
gates  were  replaced  by  their  AONN-gate  equivalents. 

We  require  that  every  two-input  XOR  gate  must  be  tested  by 
applying  all  possible  input  patterns  to  it:  00,  01,  10,  and  II. 
These  binary  test  patterns  are  referred  to  as  test  symbols.  It  has 
been  shown  tliat  a  test  set  detects  all  single  faults  in  an  XOR 
fanout-free  network  N  if  and  only  if  the  test  set  applies  all  four 
test  symbols  to  every  two- input  XOR  gate  in  N.  For  N,  an  XOR 
fanout-free  network  consisting  only  of  two- input  XOR  gates,  it 


is  an  immediate  consequence  of  Lemma  5  and  Theorem  6  of  [2] 
that  Min(lN)  =  4,  and  therefore  Min(RN)  =  4  as  well. 

The  procedures  for  detennining  Max(I/v)  and  Max(RN)  for 
XOR  fanout-free  networks  are  simpler  than  those  for  AONN 
fanout-free  networks,  but  the  proofs  are  far  more  complex. 
Each  test  symbol  applied  to  an  XOR  gate  detects  a  set  of  (func¬ 
tional)  faults  associated  with  the  gate.  In  order  for  test  set  T  to 
be  irredundant  it  is  necessary  and  sufficient  that  each  test  apply 
at  least  one  symbol  to  a  gate  that  is  not  applied  by  any  other  test 
in  T.  In  order  for  test  sequence  U  to  be  irredundant  it  is  neces 
sary  and  sufficient  that  each  test  apply  at  least  one  symbol  to  a 
gate  that  is  not  applied  by  any  test  that  ftrecedes  it  in  U.  In  order 
to  prove  the  results  stated  in  the  following  two  theorems,  the  in¬ 
troduction  of  a  substantial  amount  of  new  notation  and  tenni- 
nology  would  be  required.  Furthermore,  the  proof  of  tliese  the¬ 
orems  are  lengthy  and  tedious  since  many  cases  must  be  consid¬ 
ered.  Therefore  we  state  only  the  results  and  the  interested 
reader  is  referred  to  [1]. 

Theorem  6.  Let  N  be  an  XOR fanout-free  netw  ork  consisting  of 
exactly  G  two-input  XOR  gates.  2G  +  2. 

Theorem  7.  Let  N  be  an  XOR  fanout-free  network  cotisisting  of 
exactly  G  two-input  XOR  gates,  and  having  exactly  G'  gates 
with  three  neighboring  gates  (i.e.,  there  are  G'  gates  in  N  that 
have  no  inputs  that  are  primary  inputs  of  N  and  their  outputs 
are  not  the  primary  output  ofN).IfG=  1,  then  Maxfly)  =  4;  if 
G  >  2,  then  Max(Iyv)  =  2G  -  G'. 

Example  6.  Figure  3  shows  XOR  fanout-ffee  network  Nc.  Nc 
contains  eight  XOR  gates;  hence  G  =  8.  Two  gates  in  Nc  have 
three  neighbors;  hence  G'  =  2..  Therefore: 

Min(IyT  =  Min(R^T  =  4, 

MaxdNT  =  2X8-2=14 
Max(RN,)  =  2  X8  +  2  =  18 

In  any  test  set  for  an  XOR  fanout-free  network  the  output 
must  take  each  of  the  logical  values  0  and  1  twice;  therefore 
5o(>')  =  Si(y)  =  2  for  output  line  y.  Similarly,  Co(jr)  =  Ci(x)=  2 
for  each  input  line  x. 

5.  TEST  COUNTING  FOR 
NONFANOUT-FREE  NETWORKS 

In  this  section  we  use  the  easily-obtainable  test  counts  for  the 
individual  fanout-free  subnetworks  to  obtain  bounds  on  test 
counts  for  general  networks. 

Definition  9.  Let  N*  be  a  subnetwork  of  N,  and  let  Tbe  any  test 
set  for  N.  A  set  of  tests  where  QT,  tliat  detects  faults  in  V 
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is  said  to  be  a  subtest  set  for  V.  Asubtest  sequence  for  ^  is  de¬ 
fined  similarly. 


Fig.  3.  XOR  network  for  Nc. 


The  following  two  defmitions  apply  to  collections  of  tests 
that  are  applied  to  the  inputs  of  a  general  network  with  the  goal 
of  detecting  of  faults  in  specific  subnetworks: 

Definition  10.  Let  N*  be  the  rth  fanout-free  subnetwork  of  net¬ 
work  N.  Define  It/  to  be  the  set  of  all  test  sets  for  N  such  that 
test  set  T  is  in  \t/  if  and  only  if  T  is  irtedundant  with  respect 
to  the  set  of  all  stuck-at  faults  in  tf,  and  T  detects  all  stuck-at 
faults  in  V.  That  is,  Ia/  consists  of  all  irredundant  subtest 
sets  that  detect  all  stuck-at  faults  in  A/*. 
RV,  I'V,  andRV  are  defined  similarly. 

Definition  11.  Min(IV)  is  the  minimal  cardinality  of  any  subtest  set 
in  It/.  Max(IV),  MinfRV,  MaxIRV),  Minfl'/v'),  MaxfIW), 
Min(RV),  and  MaxfRV)  are  defined  similarly. 

The  problem  of  obtaining  the  sizes  of  the  subtest  sets  and  se- 
quetKes  for  its  n  fanout-free  subnetworks  Af*,  ...  A/"  is  of 
similar  complexity  to  the  original  problem  of  test  counting  for 
M  On  the  other  hand,  obtaining  the  related  minimal  and  maxi¬ 
mal  test  counts  for  the  corresponding  standalone  fanout-ffee 
networks  N\,  Ni, .  .  .  Nn  can  be  done  using  the  methods  pre¬ 
sented  in  Sections  3  and  4.  We  present  a  theorem  that  expresses 
bounds  on  test  counts  for  a  general  network  in  terms  of  these 
easily-obtained  values. 


In  the  following  theorem  it  is  utKlerstood  that,  for  any  lines  w 
and  y  'uiN,  "Cz{w)"  and  “S^y)"  refer  to  the  input  constraint  and 
test  count,  respectively,  of  the  ccMtespoixling  lines  in  the  appro¬ 
priate  standalone  fanout-free  network. 

Theorem  8.  Let  N  be  a  nonfanout-free  combinational  logic  net¬ 
work  (irredundant  or  redundant)  partitioned  into  n  distinct  max¬ 
imal  fanout-free  subnetworks  N*,  l^,.  .  .  A/".  Let  Nj,  N2,. . .  Nn 
be  the  corresponding  standalone  fanout-free  networks. 

a.  Upper  Bound  on  Irredundant  Test  Sequence  Length: 


n 


MaxfR'/v)  < 


^  Max(RWj) 


-  a:+  I 


(1) 


where  K  is  the  number  of  primary  outputs  of N. 

b.  Upper  Bound  on  Irredundant  Test  Set  Cardinality: 


n 

Maxd'yv)  <  2^  [MaxdAT,)  -  Po(A^)  -  PifA/*)  -  21C]  (2) 

i-l 


where  K  is  the  number  of  primary  outputs  of  N  that  are 
driven  by  a  single-input  fanout-free  subnetwork  that  is 
driven  by  a  fanout  branch  (such  a  subnetwork  consists  of 
only  a  line  ora  cascade  of  single-input  gates).  PzfA'')  =  1 
if  if  isAONN,  and  its  output  is  in  FXn,  and  there  is  exactly 
one  IL  in  Gzfor  Ni;  otherwise  Pz(A^)  “  0. 

c.  Lower  Bound  on  Irredundant  Test  Set  and  Sequence  Size  if 
N  is  irredundara): 

Mindw)2:  max  [Rofy)  +  RiCv))  (3) 

tyzFOs 

where  fory,  a  line  in  FOn, 


Qz(y)  =  < 


max  j 
VwtFDmJ 

0 


Cz(w)  ]  if  FDsiy)  is  nonempty 
otherwise 


and 


Rdy)  -  maxISzO'),  QKy)l 
Proof.  See  Appendix. 

The  two  upper  bounds  can  be  reduced  further  by  considering 
additional  special  cases  involving  lines  in  FXn  arxi  the  fanout- 
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I'ig  4.  XOR  network  Nd. 

free  subnetworks  that  drive  the  primary  outputs.  However,  the 
improvements  obtained  in  the  bounds  do  not  justify  the  addi¬ 
tional  complexity  of  the  statements  of  those  conditions. 

Treating  the  XOR  function  as  an  indivisible  gate  has  intro¬ 
duced  additional  complexity  in  the  derivation  of  the  test  count¬ 
ing  method  that  could  have  been  avoided  because  XOR  gates 
can  be  expressed  in  teims  of  AONN  networks.  The  payoff  is 
demonstrated  by  the  following  example  that  shows  the  consid¬ 
erable  improvement  of  these  bounds  when  the  XOR  function  is 
recognized  as  an  indivisible  gate. 

Example  7.  XOR  fanout-free  network  Nd,  shown  in  figure  4, 
is  expanded  into  the  equivalent  AONN  network  Ne  shown  in 
figure  5.  Two  different  NAND  realizations  of  the  XOR  function 
are  used.  After  partitioning  Ne  and  applying  Theorem  8,  it  is 
concluded  that: 

Min(lN,)  >4 
Maxfl^,)  <  32 
Max(Rx(,)  <  40 


By  considering  XOR  gates  to  be  indivisible  elements  the  fol¬ 
lowing  achievable  values  are  obtained  for  Nd: 

Max(lA/,<)  =  6 
MaxfRyv,,)  “  8 

It  can  be  shown  that  Nd  and  Ne  are  irredurxlant,  and  also  that 
iNd  “  Jn,  and  RSd  “  Ra/,  ■  Therefore,  the  actual  values  of 
Min(I\,),  Max(lAf,),  and  Max(R/v,)  are  4,  6,  and  8  as  well.  Al¬ 
though  the  lower  bound  is  unaffected,  the  upper  bounds  are 
greatly  improved  by  treating  the  XOR  functiem  as  an  indivisible 
gate. 

6.  RESULTS  OF  TEST  COUNTING 
EXPERIMENTS 

Table  2  summarizes  the  results  of  applying  the  test  counting 
procedures  developed  in  this  paper  to  a  set  of  logic  networks. 
For  comparison,  estimates  of  the  low^r  and  upper  bounds  are 
obtained  using  test  minimizatiiMi  and  maximization  techniques. 
We  also  apply  Akers  and  Krishnamurthy's  algorithm  (AKA) 
[15],  [16]  to  the  same  set  of  networks.  There  is  minor  typo¬ 
graphical  error  in  the  version  of  the  AKA  presented  in  [16]  (the 
sensitivity  value  for  a  fanout  node  should  read 

“a*  >  maxieTM*)")-  The  AKA  is  correct  as  it  appears  in  [15]. 
Tabic  2.  Results  of  lesi  counting  experiments. 


AKA  1 16]  Greedy  Greedy 
L3on  UBon  UBon  LB  on  Min  Set  Max  Seq 
Network  Min(1w)  MaxtlV)  Max(RV)  MIN(lw)  size  Size 


N/ 

18 

22 

25 

14 

.18 

22 

54LS181 

10 

206 

254 

11 

12 

107 

54LS182 

8 

74 

79 

8 

11 

53 

541^85 

11 

120 

135 

11 

23 

59 

Aiii2.^SOS 

10 

228 

276 

10 

10 

79 

CI7 

4 

16 

21 

4 

4 

12 

C432 

15 

425 

500 

16 

36 

209 

C499 

9 

498 

599 

11 

52 

185 

C880 

11 

743 

917 

11 

39 

330 

C1355 

9 

1210 

1543 

12 

82 

263 

C1908 

20 

1566 

1855 

27 

99 

339 

C2670 

38 

2211 

2608 

38 

53 

276 

C3540 

27 

2786 

3407 

30 

131 

575 

C5315 

11 

4390 

5228 

13 

97 

796 

C6288 

4 

5824 

7713 

5 

17 

221 

C7552 

16 

6020 

7443 

17 

109 

583 

A.  Networks  and  Experiments 


Fig  5  AONN  network  N?  (NAND-equi valent  of  XOR  network 
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A  number  of  logic  circuits  were  used  to  compare  the  bounds 
on  test  counts  to  the  sizes  of  some  actual  test  sets  and  sequences. 
Network  N/  is  the  17-input  logic  circuit  shown  in  figure  6.  The 


54LS 1 8 1  is  a  4  bit  ALU,  the  54LS 182  is  the  look  ahead  carry 
circuit  used  to  cascade  ALUs,  and  the  54LS85  is  a  3-bit  compa¬ 
rator  [20],  This  version  of  the  ALU  is  expressed  entirely  in 
tenns  of  NAND  gates.  The  Ain25S05  is  a  two's-coinplement 
multiply/acciunulate  circuit  [21].  These  circuits  are  available  as 
MSI  and  LSI  devices,  and  they  are  common  logic  blocks  used 
in  large  VLSI  designs  today.  The  remaining  1 1  networks  are  the 
ISC  AS  ’85  combinational  benchmark  set  [24]. 


t-ig  6  AONN  iirlwork  A// 

Table  2  shows  the  lower  bound  (LB)  on  Min(I/v)  aivd  upper 
bounds  (UBs)  on  MaxfT/v)  and  Max(R'Af)  given  by  Theorem  8. 
In  giving  a  lower  bound  for  Minfl/v)  the  tacit  assumption  is 
made  that  I/v  is  nonempty  for  each  network  (i.e.,  that  all  faults 
are  detectable  in  each  network).  In  fact,  only  six  of  these  16  t>et- 
works  are  irredundant.  However,  the  largest  percentage  of  un¬ 
detectable  faults  in  any  of  these  circuits  is  only  4.26%  (which 
occurs  in  tlie  case  of  C2670)  so  "nearly  all"  of  the  faults  are  de¬ 
tectable.  This  same  assumption  is  implicit  in  the  AKA  as  well. 

The  lower  bound  on  Min(I/v)  obtained  by  the  AKA  is  shown 
in  the  table.  In  addition,  some  actual  test  set  and  sequence  sizes 
are  listed.  The  actual  values  are  given  for  the  minimum  for  the 
54LS 181  [16]  and  the  minimum  and  maximum  for  N/.  For  the 
remaining  values,  a  "greedy"  optimization  procedure  [22]  was 
used  to  provide  empirical  estimates  of  Min(I/v)  and  Max(R'/v) 
by  Finding  actual  irredundant  test  sets  and  sequences  for  the  de- 
s’^t..  No  computationally  tractable  method  of  empirically  esti¬ 
mating  Max(IV)  is  known  to  us. 

The  input  to  the  greedy  optimization  procedures  is  the  com¬ 
plete  set  of  faults  detected  by  each  test  in  a  set  of  tests.  A  limit 
of  2,000  randomly-generated  tests  was  set  for  the  Am  25S05 
and  the  ten  largest  ISCAS  ’85  circuits.  This  approach  is  consis¬ 
tent  with  standard  practices  (e  g.,  [5]);  the  small  limit  on  the 
number  of  tests  was  necessary  to  keep  both  the  CPU  times  and 
data  storage  requirements  manageable.  These  test  sets,  in  most 
cases,  failed  to  detect  a  few  of  the  known  detectable  faults  in  the 
circuits.  The  consequence  of  limiting  the  number  of  tests  avail¬ 
able  to  the  greedy  optimization  procedure  in  this  case  was  that 
the  resulting  smallest  test  sets  were  larger,  and  the  largest  test 
sequences  were  smaller,  than  would  have  resulted  if  the  optimi¬ 


zation  procedure  had  had  a  greater  selection  of  tests  with  which 
to  work. 

B.  Discussion 

Our  lower  bounds  produce  the  exact  minima  for  Nj, 
Am25S05,  and  C 1 7,  and  compare  very  favorably  to  the  sizes  of 
the  greedy  minima  for  54LS181  and  54LSI82.  The  lower 
bounds  for  the  remaining  circuits  show  greater  departures  from 
the  greedy  minima. 

Although  our  method  is  substantially  easier  to  understand 
and  implement  than  the  AKA,  our  lower  bounds  on  Min(I/v)  co- 
itKide  with,  or  are  very  close  to,  those  of  the  AKA  in  every  case. 
There  is  one  case  shown  in  table  2  where  the  AKA  exceeds  our 
bound  by  seven  tests  (C2670),  but  circuit  Nf  demonstrates  that 
it  is  possible  for  our  lower  bound  to  improve  on  theirs.  By  in¬ 
creasing  the  fanin  of  the  two  first  level  gates  in  Nf  the  impirove- 
ment  obtained  using  our  method  can  be  made  arbitrarily  large. 

Comparison  of  our  upper  bounds  with  the  sizes  of  the  test  se¬ 
quences  resulting  from  the  greedy  maximization  procedure 
shows  that  a  great  deal  of  merging  of  the  subtest  sets  for  the 
fanout-free  subnetworks  is  unavoidable.  Our  upper  bounds 
grow  more  conservative  as  the  sizes  of  the  circuits  increase.  As 
mentioned  earlier,  the  greedy  optimization  procedure,  as  ap¬ 
plied  here,  do  not  produce  the  actual  minimal  and  maximal  re¬ 
sults.  Therefore,  comparison  of  our  lower  and  upper  bounds  to 
the  sizes  of  actual  test  sets  and  sequences  is  pessimistic,  and  the 
actual  results  can  only  be  better. 

A  method  given  by  Hayes  [11]  was  applied  to  the  54LS181. 
This  technique  determines  an  upper  (rather  than  lower)  bound 
on  Min(I/v)  based  on  the  assumption  that  single  path  sensitiza¬ 
tion  is  sufficient  for  fault  detection.  This  method  requires  ex¬ 
haustive  enumeration  of  input/output  paths.  The  value  of  1,858 
tests  was  obtained  by  this  method,  Hayes’  bound  is  very  high 
because  it  accounts  for  every  possible  consequence  of  recon- 
vergent  fanout.  Our  bounds  on  Max(I'w)  and  Max(R'^)  take 
into  account  no  information  about  the  fanout  structure  of  the 
general  networks  and  are  substantially  better  than  those  of 
Hayes. 

7.  CONCLUSION 

A  number  of  new  coiKepts  have  been  presented  in  this  article 
that  include  differentiating  between  the  properties  of  irredund¬ 
ant  test  sets  and  sequences,  and  obtaining  maximal  as  well  as 
minima)  test  counts.  Maximal  test  counts  place  upper  bounds 
on  the  sizes  of  test  sets  and  sequences  where  collections  of  tests 
are  constrained  such  that  every  test  is  required  to  contribute  to 
fault  detection.  The  problem  of  test  counting  has  been 
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proached  by  considering  only  the  fanout-ftee  substructure  of  a 
network  and  ignoring  the  effects  of  fanout.  The  minimal  test 
counts  obtained  in  this  paper  are  tighter  by  orders  of  magnitude 
than  those  of  a  method  by  Hayes  that  explicitly  considers  eveiy 
consequence  of  reconvergent  fanout.  The  problem  of  determin¬ 
ing  maximal  test  counts  has  not  previously  been  systematically 
addressed. 

Test  counting  has  been  applied  to  a  set  of  benchmark  net¬ 
works  and  a  greedy  optimization  technique  has  been  used  to 
produce  actual  test  sets  and  sequences  for  comparison.  The 
greedy  optimization  procedures  do  not  necessarily  produce  the 
actual  minima  or  maxima  (the  difference  being  greater  for  the 
larger  circuits)  so  the  comparison  is  pessimistic.  Our  lower 
bound  is  equal  to  or  very  close  to  the  greedy  minima  for  the 
small  circuits.  Our  procedure  consistently  produces  a  lower 
bound  that  is  equal  to  or  slightly  less  than  that  provided  by  a  far 
more  complex  algorithm  presented  by  Akers  and 
Krishnamurthy;  in  one  case  we  demonstrate  that  our  procedure 
can  improve  on  their  results.  Our  upper  bounds  are  more  con¬ 
servative  in  relation  to  the  greedy  maxima. 
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APPENDDC 

Proof  of  Theorem  8; 

Part  (a):  Upper  Bound  on  Mnx(R's) 

It  is  easily  shown,  by  contradiction,  that  neither  R/*/  nor  RW 
contains  a  subtest  sequence  of  length  greater  than  Max(R\,). 
Fori  ”  1,2, ...  n, 

Max(RV)  ^  Max(RA/,),  if  N*  is  irredundant, 

Max(RV)  <  Max(RAf,),  if  S'  is  redundant. 

It  is  also  easily  shown,  by  contradiction,  that  Max(R'/v)  is  less 
than  or  equal  to 
n 

Max(RN,)  (4) 

1-1 

Consider  two  fanout-free  subnetworks  in  N,  A/  and  Sj.  Let  U 
be  an  irredundant  test  sequence  for  N,  and  let  V  and  I/"  be  the 
first  subtest  sequences  that  appear  in  U  such  that  W  e  RV  and 
U"  £  RV.  The  upper  bound  on  1 1/ 1  given  by  (4)  is  achievable 


only  if 

u'  *  u"  for  :  Vu'  e  U ,  Mu"  t  U",  Mi,j :  i*j 

However,  the  first  test  in  (/  is  also  the  fust  test  in  each  of  the 
sut^est  sequences  for  the  /l  fanout-free  subnetworks  that  drive 
the  primary  outputs.  Thetefore,  (4)  can  be  reduced  by  K  -  1  to 
account  for  the  overlap  of  the  subtest  sequences,  resulting  in  ( 1 ). 

Part(b):  Upper  Bound  on  Max(l' n) 

It  is  easily  shown,  by  contradiction,  that  neither  IV,  nor  TV 
contains  a  subtest  set  of  cardinality  greater  than  Max(I\,).  For  i 
=  l,2,...n, 

Max(IV)  ^  Max(I\,),  if  V*  is  irredundant, 

Max(rV)  <  Max(lN,),  if  V*  is  redundant. 

It  is  also  easily  shown,  by  contradiction,  that  MaxfTjv)  is  less 
than  or  equal  to 

n 

£  MaxdA/,)  (5) 

i-  1 

Consider  two  fanout-free  subnetworks  in  V,  A/  and  N).  Let  T 
be  an  irredundant  test  sequence  for  N.  The  upper  bound  on  |  T"! 
given  by  (5)  is  achievable  only  if 

f  *  t"  for 

Vf  zT',  Vf"  E  r",  VT'  E  TV,  VT"  E  TV,  Vi,y  ■  i*j 

which  is  a  far  more  restrictive  condition  than  the  corresponding 
one  for  test  sequences. 

Let  A/*  be  an  AONN  fanoul-ffee  subnetwork  that  drives  XOR 
fanout-free  subnetwork  A/  via  a  line  y  in  FXs.  Any  irredundant 
subtest  set  of  A^  involves  placing  both  of  the  logical  values  0 
and  I  on  y.  If  Gi  for  Ni  contains  only  one  IL  (which,  therefore, 
is  an  IPI),  then  the  logical  value  z  cannot  be  placed  on  y  without 
having  a  test  in  some  set  in  I'V  coincide  with  a  test  in  some  set 
in  TV  -  Therefore,  (5)  can  be  reduced  by  Pz  (V)  for  i  -  1, 2, . . . 
n  and  z  -  0  and  1 . 

Any  fanout-ftee  subnetwork  A/*  that  consists  of  a  single  line 
(or  cascade  or  single-input  gates)  that  drives  a  primary  output, 
but  is  not  driven  by  a  primary  input,  is  driven  by  a  fanout  bratKh 
of  a  fanout-ftee  subnetwork  a/,  where  A/  consists  of  at  least  one 
multiple-input  gate.  Both  tests  in  any  subtest  set  in  I'V  must  co- 
itKide  with  two  tests  in  each  subtest  set  in  TV  Therefore,  (5) 
can  be  further  reduced  by  21C,  resulting  in  (2). 
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Part  (c):  Lower  Bound  on  Min(Iw)  and  Min(RN) 

This  bound  has  meaning  only  if  N  is  irredundant.  The  ap¬ 
proach  is  based  on  determining  the  minimum  number  of  times 
each  node  in  the  circuit  must  be  assigned  the  logical  values  0 
and  ] .  Consider  the  node  driven  by  y,  the  output  of  A'*.  Q^)  is 
a  lower  bound  on  the  number  of  times  that  any  line  driven  by  y 
must  take  the  logical  value  z,  based  on  the  input  constraints  of 
each  of  the  subtest  sets  for  the  fanout-free  subnetworks  diiven 
by  y.  R:{y)  is  a  lower  bound  on  the  number  or  times  y  must  take 
the  logical  value  z  that  refines  QzO’)  by  accounting  also  for  the 
number  of  times  y  must  take  tlie  value  z  in  minimal  cardinality 
subtest  sets  that  involve  y.  Since  the  tests  that  assign  0  to  y  are 
distinct  from  the  tests  that  assign  1  to  y,  the  number  of  tests 
needed  to  detect  all  faults  in  N  cannot  be  smaller  than  the  largest 
value  of  Ro(y)  +  Ri(y)  for  any  V,  resulting  in  (3). 
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Abstract  -  The  probahiUstic  simulation  approach  [1]  is  extended  to  include  the 
computation  of  the  variance  waveform  of  the  power/ground  current,  in  addi¬ 
tion  to  its  expected  waveform.  To  provide  the  motivation  for  doing  this,  we 
focus  on  the  problem  of  estimating  the  median  time-to-failure  (MTF)  due  to 
electromigration  (EM)  in  the  power  and  ground  buses  of  CMOS  circuits.  New 
theoretical  results  are  presented  that  quantify  the  relationship  between  the 
MTF  and  the  statistics  of  the  stochastic  current.  This  leads  to  a  more  accurate 
estimate  of  the  MTF  that  requires  both  the  expected  and  variance  waveforms. 
A  novel  technique  is  then  presented  to  compute  the  variance  waveform  for 
CMOS  circuiLs,  which  has  been  incorporated  into  the  probabilistic  simulator 
CREST  II]  We  show  results  of  this  implementation,  demonstrating  efficiency 
aiul  accuracy  on  a  number  of  circuits.  We  also  use  these  results  to  study  the  im¬ 
portance  of  the  variance  waveform  by  estinuiting  its  contribution  to  the  MTF 
relative  to  that  of  the  expected  waveform. 


1.  INTRODUCTION 

RELIABILITY,  already  a  major  concern  in  integrated  circuit 
design,  can  only  become  more  important  in  the  future.  As 
higher  levels  of  integration  are  used,  metal  linewidth  and  line 
separation  will  continue  to  decrease,  thereby  increasing  a  chip’s 
susceptibility  to  failures  resulting  from  line  shorts  or  opens. 

While  the  results  to  be  presented  can  be  used  to  study  a  vari¬ 
ety  of  reliability  problems,  we  will  illustrate  their  utility  by  fo¬ 
cusing  on  the  problem  of  electromigration  (EM)  [2],  [3],  EM  is 
a  major  reliability  problem  caused  by  the  transport  of  atoms  in 
a  metal  line  due  to  the  electron  flow.  Under  persistent  current 
stress.  EM  can  cause  deformations  of  the  metal  lines  which  may 
result  in  shorts  or  open  circuits.  The  failure  rate  due  to  EM  de¬ 
pends  on  ihe  current  density  in  the  metal  lines  and  is  usually  ex¬ 
pressed  as  a  median  time-to-failure  (MTF).  There  is  a  need  for 
CAD  tools  that  can  predict  the  susceptibility  of  a  given  design 
to  EM  failures. 

In  [1]  we  presented  a  novel  technique  for  MTF  estimation 
based  on  a  stochastic  current  waveform  model.  The  im¬ 
plementation  of  this  technique  in  the  program  CuRent  ESTima- 
tor  (CREST)  has  proven  to  be  very  effective  both  in  teims  of  ac¬ 
curacy  and  speed.  In  the  interest  of  clarity,  we  will  review  some 
of  the  basic  concepts  behind  this  approach.  The  reader  is  re¬ 
ferred  to  [1],  [4]  for  a  more  detailed  description. 

We  focus  on  the  power  and  ground  buses  and  derive  currents 
for  them  to  be  used  for  MTF  estimation.  The  argument  pre¬ 
sented  in  [  1  ]  is  that  the  desired  current  waveform  in  any  branch 


of  the  bus  is  one  that  combines  the  effects  of  all  possible  wave¬ 
forms  at  the  circuit  primary  inputs.  By  considering  the  set  of 
logical  waveforms  allowed  at  the  circuit  inputs  as  a  probability 
space  [5],  the  current  in  any  branch  of  the  bus  becomes  a  sto¬ 
chastic  process.  CREST  derives  the  expected  (or  mean)  wave¬ 
form  (not  a  time  average)  of  this  process,  which  we  call  an  ex¬ 
pected  current  waveform,  £Ir(r)].  This  is  a  waveform  whose 
value  at  any  given  time  is  the  weighted  average  of  all  possible 
current  values  at  that  time.  CREST  uses  statistical  information 
about  the  inputs  to  directly  derive  E[i(t)].  The  resulting  method¬ 
ology  is  what  we  call  a  probabilistic  simulation  of  the  circuit.  In 
general,  it  can  be  slightly  more  time  consuming  than  a  single 
timing  simulation  run,  but  it  needs  to  be  applied  only  once,  re¬ 
sulting  in  significant  speedup. 

While  the  feasibility  of  performing  probabilistic  simulation 
was  established  in  [1],  the  justification  for  using  £lj(r)]  to  esti¬ 
mate  the  MTF  was  based  mainly  on  qualitative  arguments.  In 
Section  2  of  this  paper  we  quantify  these  arguments  and  present 
new  theoretical  results  that  specify  the  relationship  between  the 
MTF  and  the  statistics  of  the  stochastic  current.  This  leads  to  an 
efficient  and  more  accurate  technique  for  deriving  the  MTF 
which  requires  the  variance  waveform,  IIi(r)],  of  the  stochastic 
current  in  addition  to  its  expected  waveform.  Ili(r))  is  a  wave¬ 
form  whose  value  at  any  given  time  is  the  variance  of  the  cur¬ 
rent  values  at  that  time,  Fli(f)]  “  £l(i(0  -  £Ii(0])2].  It  is  an  indi¬ 
cation  of  the  spread  of  the  real  current  waveforms  around  their 
expected  waveform. 

In  Section  3  we  present  a  novel  technique  for  deriving  the 
variances  of  the  individual  gate  currents  in  CMOS  circuits.  This 
has  been  implemented  in  the  probabilistic  simulator,  CREST 
(!].  Section  4  and  the  Appendix  contain  a  discussion  of  how  the 
bus  current  variance  waveforms  may  be  obtained  from  those  of 
the  individual  gates.  In  Section  5,  we  present  some  results  of 
our  implementation,  and  use  them  to  study  the  importance  of 
the  variance  waveform.  This  is  done  by  estimating  its  contribu¬ 
tion  to  the  MTF  relative  to  that  of  the  expected  waveform.  The 
Appendix  also  presents  several  approximations  that  can  be  used 
when  handling  large  chips  to  simplify  the  variance  computa¬ 
tions,  and  thus  make  it  possible  to  handle  VLSI  circuits. 

Several  simplifying  assumptions  and/or  approximations  will 
be  made  in  the  following  sections  to  make  the  problem  com- 


putationally  tractable.  Whenever  possible,  we  will  attempt  to 
justify  these  assumptions.  However,  because  of  lack  of  space, 
this  will  not  always  be  possible,  and  the  reader  will  be  referred 
to  the  appropriate  references.  Nevertheless,  we  will  offer  a  ver¬ 
ification  of  the  overall  approach  on  a  gbbal  scale,  by  compar¬ 
ing  the  end  result  of  the  simulaticm  (variance  waveform)  from 
CREST  with  that  derived  using  SPICE.  The  extended  CREST 
program,  with  the  variance  cc«nputation  built  in,  maintains  its 
excellent  performance  compared  to  traditional  approaches:  we 
demonstrate  a  speedup  (over  SPICE)  of  over  1 1  SOOX  on  a  648 
transistor  CMOS  parallel  multiplier  circuit.  Preliminary  results 
of  this  research  have  appeared  in  [6],  [7]. 

2.  STOCPlASnC  CURRENT  WAVEFORM 
ANDTHEMTF 

Consider  a  metal  line  of  uniform  width  and  thickness  carry¬ 
ing  a  constant  current.  Due  to  EM,  the  line  will  fail  after  a  pe¬ 
riod  of  time.  The  time  required  for  50%  of  a  laige  population  of 
such  lines  to  fail  is  called  MTF,  also  denoted  by  tso-  Due  to  the 
nature  of  the  distribution  (log  notmal)  of  EM  failure  times,  it 
turns  out  that  the  MTF  is  also  approximately  equal  to  the  mean- 
time-to-failure.  The  two  names  are  used  interchangeably  in  the 
EM  literature.  The  relationship  between  the  MTF,  tso,  and  the 
current  density  j  in  the  line  has  been  extensively  studied,  and 
shown  to  be  a  complex  nonlinear  function  [8],  as  shown  in  Ftg. 
1.  We  will  consider  the  MTF  to  be  tso®*  1//  (/)  wherey  is  in  am¬ 
peres  per  square  centimeter,  and  /  is  the  dimensionless  nonlin¬ 
ear  ftuKtion  shown  in  Fig.  2. 

If  a  metal  line  carries  a  varying  current,  of  density  J  (r),  then 
the  MTF  is  tso  “  Weff,  where  Jeff  depends  both  on  /  and  on  the 
waveform  J  (t).  It  has  been  suggested  [9]  that,  if  the  waveform  is 
periodic,  with  period  T,  arrd  if  every  period  consists  of  a  train  of 
pulses ”  1,.  .  .  ,  m  of  heights  jp  and  duration  tp, 
m 

A  A 

then/cff  =  y  {tp/T)/(Jp),  where  /(/)  is  chosen  to  be  one  of  the 
p=l 

three  dotted  line  approximations  to  /  (/)  in  Fig.  2,  depending  on 
the  value  of  jp,  as  follows.  If  y  <  10^  PJctx?  then  /(/)  =  y,  if  10^ 

A/cm^  ^  j  S  10®  A/cm^  then  /(/) «  ,  and  if  j  >  10®  fijcn? 

then  /(jy^j  .  A  more  accurate  expression,  however,  can  be 
written  in  terms  of  /  itself,  as  follows: 

m 

Jeff=J^‘-^/(Jp)-  (2.1) 

p-l 

For  a  general  periodic  waveform,  we  take  the  summation  to 
the  limit  and  write 


Current  Density,  /'  (A/cm*) 


Fig.  I.  The  dependence  of  MTF  on  current  density,  reproduced  for 
convenience  from  (8).  The  dashed  lines  show  the  results  of  the 
approximation  r5o“y*"for  n  =  1.3/2,  and  2. 


Fig.  2.  A  plot  of  /  (j),  obtained  from  Fig.  1  by  inverting  and  appropriately 
scaling  the  ordinate  axis. 


If  the  current  waveform  is  not  periodic,  then  better  estimates 
of  yeff  are  obtained  by  using  larger  values  of  Tso  that  more  fea¬ 
tures  of  the  waveform  are  included.  Therefore,  one  can  write. 

yeff  =  lim  ^  r  /(/)  dt.  (2.3) 

T-,00  /  •'0 

Now  suppose  that  the  current  waveform  is  stochastic,  i.e.,  it 
is  a  stochastic  process y(I),  that  represents  a  family  of  determin¬ 
istic  (real)  current  waveforms  j\(t),  with  associated  probabili¬ 
ties  Pk,  At  ”  1,  ••• ,  N,  over  the  (finite)  interval  (0,  fo]-  Based  on 
this  information,  we  can  build  a  (nonstochastic)  current  wave¬ 
form  y(0,  over  (0,7]  asT—  °°,  that  is  indicative  of  the  current 
during  the  typical  operation  as  follows.  Consider  a  random  se- 
quetKe  of  the  waveforms y*  (I),  each  being  shifted  in  time,  span- 
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Currant 


I'lg  3  A  (iioiislocliastic)  currfnt  wavcfonn,  j(l),  built  as  a  sojuence  of  llie 
wavcfomis Ml),  rach  occuriiig  wiUi  its  assigned  probability  P*  , 

ning  an  interval  of  length  to,  and  occurring  with  its  assigned 
probability  Pk,  as  shown  in  Fig.  3.  Let  tJk  (7)  be  the  (integer) 
nitmber  of  occurrences  of  the  waveform  y):  (/)  in  [0,  7],  and  let 
n  r  =  L  T/toj  .  If  7*  =  1,  •  ■  •  ,  N  are  defined  as  follows: 


In  general,  /  is  nonlinear,  and  a  generalized  approach  will  be 
developed  in  the  following. 

At  any  time  t,  the  process  J(t)  is  a  random  variable  j  with 
mean  =  £[/],  and  variance  o]  ^  E[(j  -  r[j)\  In  general, 
the  pih  moment  of  j  is  py-p  -  £[(/  ~  1)//’]  •  To  estimate  £[/(/)], 
a  Taylor  series  expansion  of  f  gives  [5] 

£[/(/)]  -/(O/)  ^  •  (2.8) 

When  /  is  linear,  this  reduces  to 

£[/(/■)]  =/(£[/!)  (2.9) 

as  observed  above.  Therefore,  using  the  expected  current  wave- 
fonn  for  MTP  estimation  [1]  amoui  'o  making  a  first-order 
approximation  in  (2.8).  Naturally,  higher  order  approximations 
would  lead  to  better  results.  In  particular,  if  /  is  approximated 
by  a  quadratic  in  the  neighborhood  of  r]y,  then 


Jk^  M)dt 
toJo 

then 

7iii  =  lim  ^  f  /(/)  dt 


N 

=  lim  y  Jk 

III 


nk(T) 

nr 


N 

-iJk 

i=l 


lim 

;iT  •>. 


nkiT) 

nr 


(2.4) 


(2.5) 


By  the  law  of  large  numbers  [5],  liinuT  [nk{T)/ nr]  =  Pk, 

which  leads  to 


7, -IT 


Pk 


1 

/() 


•^0 


■  N 

fUk)Pk 

k^\ 


(it 


(2.6) 


and  finally; 

7.1)  =-('  E  IfU)}  dt  (2.7) 

where  E  [  ]  denotes  the  ex|iected  value  operator.  Therefore, 
the  MTF  due  to  a  stochastic  current  depends  only  on  the  ex¬ 
pected  waveform  of  a  nonlinear  function  of  the  current  den¬ 
sity 

Since  /  is  nonlinear,  £  (/  (/)]  is  not  easy  to  evaluate.  At  low 
ciiirent  density  values,  where  /  is  linear  (Fig.  2),  £  [/  (/)]  = 
I  (£[/))  In  this  case,  the  e.xpectecl  current  wavefonn  £[/]  de- 
n\  e.l  in  1 1 1  IS  indeed  the  correct  wavefonn  for  MTF  estimation. 


2 

ElfU)]  =  /(ny)  +  /'(ny)o^  •  (2-  lO) 


This  approximation  becomes  exact  if  /  (/)  is  represented  by 
the  straight  lines  corresponding  toy*  andy^  in  Fig.  2.  It  Is  more 
accurate  than  (2.9)  since  it  covers  a  wider  range  of  currents.  As 
a  result,  (2.  lO)  and  (2. 7)  offer  a  new,  more  accurate  technique 
for  computing  the  MTF.  In  order  to  make  use  of  this  technique, 
we  need  to  derive  the  variance  of  the  waveform  in  addition  to  its 
expected  value.  As  pointed  out  in  the  introduction,  the  estima¬ 
tion  of  the  expected  current  waveform  has  already  been  de¬ 
scribed  in  our  previous  work  [1];  the  following  sections  discuss 
the  derivation  of  the  variance  waveform. 


3.  DERIVATION  OF  THE  GATE  VARIANCE 
WAVEFORM 

We  will  briefly  review  the  probabilistic  simulation  approach 
[1],  which  follows  an  event-driven  simulation  strategy.  Proba¬ 
bility  waveforms,  which  represent  a  large  number  of  logic 
wavefonns,  are  applied  at  the  primary  inputs  and  propagated 
through  the  circuit  as  a  sequence  of  probabilistic  events.  A  prob¬ 
abilistic  event  embodies  a  number  of  possible  logical  transi¬ 
tions.  Wlienever  a  gate  is  simulated,  the  events  at  its  inputs  are 
used  to  derive  an  event  at  its  output  and  an  expected  current 
pulse  £I/(0]>  to  be  added  to  the  global  expected  current  wave- 
fonn.  Tills  pulse  is  modeled  as  a  triangular  pulse  that  starts  with 
a  peak  value  £[/]  at  the  time  of  transition  and  decays  linearly  to 
zero  after  a  time  interval  called  the  time  span.  The  variance 
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I'ig  4  A  gfiKTic  CMOS  gate  stnicHmv 


wavefonn  can  be  derived  with  little  modification  to  the  overall 
simulation  strategy.  Whenever  an  expected  pulse  is  derived  for 
a  gate,  a  variance  pulse  will  be  derived  as  well. 

Fig.  4  shows  a  generic  CMOS  gate.  The  p-block  or  pcpart  (n- 
block  or  n-part)  of  a  gate  refers  to  the  p  (n)channel  transistor 
mesh  between  its  output  node  atid  the  power  supply  (ground).  A 
gate  will  be  assumed  to  have  independent  inputs.  Wliile  this 
may  be  true  at  the  primary  circuit  inputs,  it  is  not  tnie  in  general. 
However,  the  general  case  is  handled  using  the  concept  of  a 
supergate  [  1 ),  with  the  independent-inputs-gate-solver  used  as  a 
subroutine. 

As  in  [I],  w'e  only  consider  the  charging  component  of  the 
power  supply  or  ground  currents.  The  output  node  capacitance 
is  split  into  two  lumped  capacitors  Cp  to  Vm  and  Cn  to  Ks.s.  Sim 
ilarly,  each  internal  gate  node  n,  has  two  capacitors  Cm  and  Cip. 
Capacitance  values  are  derived  from  the  circuit  description  attd 
the  transistor  model  parameters.  On  a  low  to- high  trairsition, 
the  currents  flowing  through  C„  and  Cp  at  the  output  node  are 
ipl  and  /|)2,  respectively,  as  shown  in  the  figure.  Tlie  correspond 
ing  /ill  and  /ic  for  a  high-to-low  transition  are  also  shown.  The 
currents  /|i2  and  /ii2  are  discharging  currents  that  redistribute  lo 
cally,  and  we  are  interested  in  /=  /pi+  /,ii,  which  is  the  current 
asstxiated  with  the  output  node.  Tlie  total  gate  current  /'lui  will 
be  larger  than  /  since  it  also  contains  the  currents  needed  to 
charge/discharge  the  Cm  atid  Cip  capacitors  at  the  internal 
nodes.  However,  the  output  current  plays  a  central  role  in  the 
derivation. 

The  vannnee  wavefonns  for  the  gate  total  and  output  currents 
will  1h*  mcxieled  by  triangular  pulses  1^/|,,(  (/)]  and  re 

spectively,  with  peak  values  of  kt/ioi]  and  F[/].  If  an  event  oc¬ 
curs  at  the  gate  input  at  time  r,  then  we  denote  by  /  and  /’  the 
instances  of  lime  immediately  Ivlore  and  after  the  event,  re 
spectively  Ibcusing  for  now  on  the  output  current  pulse,  its 


variance  starts  with  a  peak  of  V[l]=  F[/(/  )]  at  time  l  and  decays 
linearly  to  zero  at  time  /+  r.  Since  V[I\  =  £[7^]  -  £[/]"  [5],  and 
since  CREST  already  derives  the  expected  pulse  peak  £[/],  we 
will  concentrate  here  on  the  derivation  of  £[£]. 

Let  ip  =  ip\  +  ip2  and  /„  =  ini  +  ifi2-  It  is  easy  lo  verify  that 
ipl  ^  ip  Cn  /{Cp  r  C/i),  and  /ai  *  in  X  Cp  /{Cp  -i-  CnY  Tl^ere 
fore: 


£[/^(/)]  =  £[/^f)] 


C/1 

Cp  +  Cn 


+  £[/«(/)] 


Cp 

Cp  +  Cn 


(3.1) 


The  temi  containing  E[ip(t)in{t)]  is  omitted  (it  is  zero)  since  at 
least  one  of  the  charging  currents  is  zero  at  any  given  time.  In 
particular,  the  value  at  the  peak  is 


£iri  =  E{il]  )d 


Cn 


C„  +  Cn 


£[/rj  X 


Cp  +  C/I 


(3.2) 


The  values  of  £[/}i]  and  £[//‘il  are  derived  as  follows.  For 
£[/p],  consider  the  p-part  of  the  gate,  and  let  every  transistor  Ti 
be  represented  by  a  switch  of  on-conductance  g,>ii>-  [1].  Based 
on  this  switch- network  model  of  the  pblock,  let  Gp(t)  be  the  r.iii 
dom  conductance  between  the  output  node  and  Kill-  Gp  is  a 
function  of  the  individual  transistor  random  conductances  gk, 
where  gk  is  0  if  the  tratrsistor  is  off  and  gonji  if  it  is  on.  If  an  event 
occurs  at  a  gate  input  at  time  r,  then  the  value  of  Gp{t  *)  and  the 
previous  state  of  the  output  node.  V()(r ),  w  ill  delennine  Ip.  For 
mally,  we  have  £[//,]  =  £[(V,i,i  -  Ki)(r’))‘  X  Gj)(?*)),  which  Iv 
comes 

£[/g]  =  4l  X  £  [GI  it*)  I  Gp  {C)  =  0]  X  P{Gp{r)  -  0)  (3.3) 


where  P(A)  is  the  probability  of  the  event  A,  and  E[A  |  /?)  de 
notes  the  conditiona/  e.xpected  vn/ue  [5]  of  A  given  B  The  for 
mula  is  correct  because  if  G/^t  )  =  0  (:<  0)  tlien  V»{t  )  0  ( I\i.i). 

Similarly  for  the  n-part  of  the  gale,  we  obtain 


£[/i;l  Kill  X  E\Gl(t*)  I  Gn(t~)  0]  X  P(Gn{t')  -  0) .  (3  4) 

To  derive  the  conditional  e.xpectalions,  consider  a 
graph  representation  of  the  p  block  (or  n  (dock), 
where  every  edge  in  tlu  graph  is  labeled  with 

f'-[)?r(/*)  I  Gp(t  )  =  0],£|gr(/*)  I  GpU  )  0),  and  the  gate  ncxle 

probabilities  of  its  corresfxMiding  Iransi.siors  The  details  of  how 
these  quantities  can  Ix'  <lenved  for  every  transistor  can  lx*  found 
m  [4j.  Then  [lerform  a  graph  reduction  operation  [I],  [4], 
which,  simply  stated,  involves  a  mimlx'r  of  series/parallel  com¬ 
binations  aiui  luxle  eliminations  that  reduce  the  graph  to  a  single 
edge,  whose  labels  are  the  reipiired  st.itistics 

ElGf.ii'HGpG  )  ()]  and  E[Gp{r')\Gp{r  )  0]  .Simikir 


work  can  be  done  for  the  n-block.  As  a  result,  we  have  the  peak 

value,  V[r\  =■  E[r'  -  £[/]*,  of  the  output  current  variance 
pulse. 

Tile  time  span  i  ..  found  by  first  solving  fortlie  area  under  the 
kli(/)]  pulse.  Notice  that,  if  i(r)  is  a  triangular  pulse  of  height  I 
and  area  q,  then: 


nr)  (it  =  \  Iq. 


(3.5) 


node  in  the  p-block  (n-block)  is  cliarged  to  l^id  ( Ks.s),  then  every 
other  node  in  the  p-block  (n-block)  is  also  charged  to  Kki(  kss). 
This  assumption  is  true  for  simple  gates,  and  may  overestimate 
the  current-charge  product  in  more  complex  cases.  Based  on 
this  assumption,  one  can  show  [4]  that 
f-f.  ,  T  £^[9/>,l>>tl  QpCn  ,  £[9n,tol]  QnCp 


£[^n]  Cp  +  Cn 


(3.12) 


In  this  case,  q  is  equal  to  the  charge  delivered  to  (or  from)  tlie 
output  node  capacitors.  From  this  it  follows  tliat 

oo 

f  £[t"(t)]  (it  =  I  E[Iq]  , 

Jo 

and 

CPU 

f  £[/(r)l'tfr-  U[/]£M.  (3.6) 

Jo 

The  second  equation  follows  since  £(/(r)]  is  a  triangular  pulse 
ot  height  £[/]  and  area  e[^].  Therefore,  the  variance  pulse  has 
an  area 


where  £l9p]  and  E[qn]  are  available  as  [1,  eqs.  (3.12),  (3.13)], 
£l9g,iot]  and  £[(?n,ioi]  are,  respectively,  the  first  and  second 
suminations  in  [1,  eq.  (3.  10)]  and 

Qp  ~  ^  KkiCin 

Qn  ~  ^  Klil^ip 

As  was  assumed  for  the  expected  current  pulse  [  1  ],  we  let  the 
time  span  of  the  gate  total  current  variance  pulse  be  equal  to  that 
derived  for  the  gate  output  current.  Therefore: 


n/]Xi 


=  f  FI/{/)]  (it  =  \  (£(/<?]  -  £[/]  E[q]).  (3.7)  KAoi] 

Jo  3 


£[/tot?u>t]  -  £[/iot]  £[qt()t]l 

E[lq\  -  £[/]  £[9] 


X  m 


(3.14) 


Ilte  value  of  E[lq]  can  be  written  as: 

E[Iql  =  £((/pi  +  //ii)X(^pl  (3.8) 

where  lp\(I,t\)  is  the  peak  of  /pi(/)  (bil(O),  and  qp\(q„\)  is  the 
charge  delivered  by  ipi(0  (0/i(0)  Since  qp\(qii\)  is  equal  to  Kkl 
Cn  ( I'll, I  C'//),  if  ip\  (/)  Unlit))  is  nonzero,  and  is  otherwise  zero, 
then: 


£[/<?) 


kiioOi 
Cp  y  Cn 


£[//-] 


Kkic;, 

Cp  r  Cn 


£[£,]. 


(3.9) 


I'he  time  span  of  the  gate  output  current  variatice  pulse  ts. 
(Iii-relore 


_  A(El/q\  ElI\E[ql) 

■Cl  ni]  )■ 

All  e\piessloli  simil.ir  to  (.1.7)  can  lx-  written  for  the  gate  total 
1  iinviit.  o,.i(n.  .1  .  Inllows 


f  ^\iu>\ii)]<lt  ^  ( /.(/iip|f/iiii  1  /•.[/ii)i]  £[^ii>i]).  (3  11) 

-’ll 

I  nIonun.iieK,  /•.(fioo/iiiil  dtx-s  not  have  as  simple  an  e.\|)res 
aiin  .1-,  W.1-,  toniul  fi  It  E\Iq\  We  have  clu'seti  to  tise  a  ci'tiserva 
ti\p-  e.tini.Oe  li.ised  on  the  lollowing  assum[)tion  whettever  a 


4.  ESTIMATING  THE  VARIANCE  CURRENT 
WAVEFORMS  IN  THE  BUS 

In  the  two  previous  sections,  we  presented  the  motivation  for 
computing  the  variance  wavefonn,  and  a  procedure  for  com¬ 
puting  the  variance  pulse  for  a  CMOS  gate.  Ultimately,  the  vari¬ 
ance  wavefonn  (of  the  current  density)  in  every  branch  of  the 
power/ground  bus  is  required.  In  this  section  we  presetit  a  tech¬ 
nique  for  deriving  the  bus  variance  wavefonns  frotn  those  of 
the  individual  gates.  Since  the  current  density  j  (?)  in  any  branch 
of  the  (X)wer  or  ground  bus  is  directly  proportional  to  the  cur 
rent  i  (?)  in  that  branch,  we  will  discuss  the  derivation  of 

or(?)(i.e.,  F['(0])  rather  tJian  ofitXi.e.,  kI/'(?)]  ).  Further 
more,  we  will  only  discuss  the  power  bus  since  the  ground  bus 
analysis  is  similar. 

We  assume  that  gates  are  tied  to  the  bus  at  certain  points, 
called  contacts.  Several  gates  may  be  tied  to  the  same  contact 
The  current  in  a  bninch  of  the  bus,  /(?),  is  a  function  of  the  cur¬ 
rents  Ix-ing  drawn  off  the  contacts,  i,  (?),y  =  1,  .  .  .  ,  ?i.  Each  of 
those  is,  in  turn,  simply  the  sum  of  the  individual  gale  currents 
tietl  to  that  cvmtact: 


(4.1) 
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I'A?)  -  l/l(?)  +  ■  •  +  !>(?). 


In  the  framework  of  our  probabilistic  simulation  technique, 
the  process  of  deriving  the  variance  waveforms  consists  of  three 
steps. 

1)  Using  the  probabilistic  events  at  the  inputs  to  each  logic 
gate,  derive  its  variance  pulse. 

2)  Combine  the  pulses  at  each  contact  point  to  derive  the  vari¬ 
ances  of  the  contact  currents. 

3)  Using  the  bus  topology  and  the  variances  of  the  contact 
currents,  derive  the  variances  of  the  bus  branch  currents. 

Step  1)  has  been  described  in  Section  3;  the  other  two  steps 
will  be  described  in  the  following. 

A  critical  issue  in  computing  the  variance  is  the  correlation 
between  the  different  current  waveforms.  Since  such  correla¬ 
tion  is  too  expensive  to  derive  for  VLSI  circuits,  we  will  occa¬ 
sionally  be  making  conservative  approximations  to  simplify  the 
problem.  Our  experience  with  the  probabilistic  simulation  ap¬ 
proach  [1]  suggests  that  neglecting  the  correlation  between  dif¬ 
ferent  current  waveforms  gives  good  results  in  most  cases,  es¬ 
pecially  for  large  circuits.  In  general,  there  will  be  cases  where 
this  becomes  a  poor  assumption,  as  in  clocked  circuits,  for  ex¬ 
ample,  where  different  parts  of  the  circuit  may  switch  in  unison 
in  response  to  a  central  clock.  However,  since  the  variance  is  of 
secondary  importance  in  (2.  10),  and  since  keeping  track  of  the 
correlation  is  too  expensive  for  large  VLSI  circuits,  we  have 
opted  to  make  this  accuracy  efficiency  tradeoff. 

Based  on  this,  we  assume  that  the  gate  currents  tied  to  the 
same  contact  are  mcorrelated.  This  immediately  provides  a 
simple  solution  for  step  2),  using  (4.  1),  as  follows: 

ol(t)  =  o,^,(r)  +  (4.2) 

Thus  the  variance  pulses  from  the  individual  gates  are  simply 
added  to  provide  the  contact  current  variance  waveform  (step 
2)).  The  implementation  and  results  presented  in  the  next  sec¬ 
tion  are  based  on  (4.2). 

Step  3)  is  considerably  more  complex,  and  is  left  to  the  Appen¬ 
dix,  where  a  number  of  approximations  are  also  proposed  to  make 
possible  an  efficient  implementation.  The  present  implementation 
of  CREST  provides  the  user  with  the  expected  and  variance  wave¬ 
forms  for  the  contact  currents  (steps  2)  and  3)).  The  propter  place 
for  the  implementation  of  step  3)  is  in  tlie  SPIDER  [10]  pirogram, 
which  takes  the  currents  generated  by  CREST  and  uses  the  bus 
layout  infonnation  to  estimate  the  MTF. 

5.  IMPLEMENTATION  AND  RESUITS 

Tlie  variance  calculation  technique  outlined  above  has  been 
itnpleinented  in  CREST.  We  present  in  the  following  the  results 


Fig.  5.  CREST  variance  pulse  result  for  a  2-input  CMOS  nand  gate, 
compared  to  SPICE. 


Fig.  6.  Variance  results  for  a  3-input  CMOS  complex  gale  (inset). 


Fig  7  Variance  re.sulls  for  a  Ki-MOSF'ET  exclusivc-oK  iXORi  CMOS 
circiiil. 

of  CREST  runs  on  a  variety  of  circuits,  showing  both  wavefonn 
comparisons  and  timing  perfonnance. 

To  assess  the  accuracy  of  the  results,  it  is  impxjrtant  to  make  a 
fair  comparison  with  a  variance  wavefonn  derived  using  a  valid 
simulation  tool.  To  do  so,  we  have  generated  the  variance  wave 
fonn  for  a  variety  of  examples  by  running  SPICE  for  every  set 
of  inpnit  voltage  signals  allowed  by  the  prrobability  vectors  (see 
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Rg.  8.  Variance  results  for  a  54-MOSreT  2-b  ripple  adder  ('MOS  circuit. 


I'ig.  9.  Variance  results  for  a  648-M()Sl'l''T  4-b  pandlel  inulljplier  CMOS 
circuit. 


(  1,  section  II-2.I)],  deriving  the  expected  current  wavefonn 
£[/(/)]  by  doing  a  time-point  averaging  of  the  results,  and  then 
using  that  to  find  the  variance  as  the  time-point  average  of  {i 
£ldO])*-  Since  EM  models  for  non-dc  waveforms  are  still  con¬ 
troversial,  it  makes  little  sense  to  shoot  for  perfect  accuracy  in 
the  citrrent  waveforms.  Furthennore,  it  is  important  to  make  a 
tradeoff  between  accuracy  and  efficiency  to  make  possible  the 
sohilion  of  large  circuits.  Hence,  our  objective  has  been  to  de¬ 
rive,  in  a  very  shon  time,  a  wavefonn  that  matches  reasonably 
well  the  peak  and  general  shape  of  the  SPICE  wavefonn.  Since 
tlie  number  of  required  SPICE  simulation  runs  grows  exponen¬ 
tially  with  the  number  of  circuit  inputs,  the  comparisons  to  be 
presented  will  necessarily  be  limited  to  mediiuti  sized  circuits. 
Tliere  is  no  reason  to  susfx-ct,  however,  that  the  accuracy  ob 
served  on  these  circuits  will  deteriorate  on  larger  ones. 

Wavefonn  comparisons  are  shown  in  Figs.  5  and  6  for  a  sin 
gle  NAND  gate  and  a  complex  gate,  respectively.  The  coinpar 
isons  for  two  larger  circuits  are  shown  in  Fig.  7  (for  an  exclu¬ 
sive  OR  circuit)  and  Fig.  8  (for  a  54  MOSITiT  2-b  npple  adder 
circuit). 

For  oLir  next  example,  vve  consider  a  648  MOSFl-T  4  b  par 
allel  multiplier  Tliis  circuit  is  too  big  to  make  the  2*^’  required 


SPICE  simulations.  We  will,  therefore,  show  the  results  of  two 
different  CREST  runs  on  this  circuit.  In  Fig.  9  we  compare  a  full 
accuracy  CREST  run  and  a  heuristic  [1]  CREST  tun  in  which 
all  internal  nodes  of  the  multiplier  were  assumed  independent 
(uncorrelated).  The  excellent  agreement  demonstrates  that  the 
correlation  between  different  current  pulses  in  large  circuits 
may  indeed  be  neglected. 

These  results  can  be  used  to  assess  the  significance  of  the 
contribution  of  the  variance  waveform  to  the  MTF,  i.e.,  to  see 
whether  the  gain  in  accuracy  is  worth  the  effort.  Recall  that  the 
expected  and  variance  waveforms  combine  to  provide  a  Jctf  ef¬ 
fective  current  density  value  for  MTF  estiination,  according  to 
(2. 10)  and  (2.7).  We  liave  measured  the  variance  contribution  as 
the  increase  inJeff  due  to  the  variance  wavefonn,  divided  by  Ji-n 
using  only  the  expected  waveform,  as  follows: 

^-7fiT  ^  Tiit  (using  £[/']  and  V\j])  -  JriT(  using  only  E[j]) 

Tht  Ti-n  (using  only  £[/]) 


(m) 

Jo  2 


mdt 


(5.1) 


This  expression  depends  on  current  density  and  not  simply  on 
current.  Consequently,  the  expected  and  variance  wavefomis 
have  to  be  augmented  with  metal  line  width  infonnation  in 
order  to  evaluate  (5.1).  Table  I  shows  the  results  for  all  the  test 
cases  presented  above,  for  different  values  of  linewidth,  with  a 
line  thickness  of  0.3  pm  throughout.  Note  that  (5.1)  has  been 
tabulated  as  a  percentage. 

For  a  given  circuit,  the  variance  contribution  increases  w  ith  a 
decrease  in  linewidth.  The  two  width  values  used  in  the  table  for 
each  circuit  are  tneant  to  demonstrate  that  the  variance  contri¬ 
bution  to  the  MTF  can  vary  from  insignificant  to  very  inqxjrt- 
ant.  For  the  types  of  circuits,  and  technology  that  we  have  ex¬ 
amined,  it  seems  that  one  can  use  a  practical  lower  limit  of  1  pm 
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f  Msiinutal  {2  linn's  llu*  ais!  o!  a  lypiial  SIMCl:  nui) 
on  linowiilih,  and  do  witliont  a  varianco  waveform.  However,  in 
eases  where  siicli  limits  cannot  lx‘  pnaranteed  (a.s  in  manual  lay¬ 
out  with  unliinileil  desipiuT  freedom)  and/or  where  the  circuit 
and  metal  technologies  involve  high  enough  current  tlensity,  the 
variance  wa\efonn  can  Iv  as  iin|Kirtant  (or  more)  than  the  e.x- 
(H’cted  wavefonn. 

In  any  ca.si*,  and  regardless  of  the  significance  of  its  contrihu 
tion  to  the  MTI',  the  variatice  wavefonti  is  ini)>onatit  in  its  own 
right.  Its  relevance  for  studyitig  other  reliability  problems  will 
lx.'  briefly  discuss<'d  in  the  ne.xt  sectioti. 

I'inally,  we  illustrate  the  s|x‘ed  |X'rfonnance  of  CREST  with 
the  variance  estiinatioti  built  iti.  Table  2  shows  the  s|X'cd  com 
parisons  Ix'tween  CREST  and  SPICE  for  all  the  e.xaniples  pre¬ 
sented  alxive.  The  sjx'edup  is  e.xcellent,  atid  Ix'comes  nmch  lx*t- 
ter  for  larger  circuits  ( 1 529  X  for  the  adtier  atul  1 1  595  X  for  the 
multiplier).  In  fact,  the  s)x'edup  grows  exiKMientially,  Ix-cause 
ati  ex|H)tietttial  numix'r  of  detenninistic  sitnulatioti  rutts  are  re¬ 
placed  by  a  single  probabilistic  simulation  run.  We  ixiinl  out  the 
case-  of  the  multiplier  circuit  (the  largest  circuit  in  the  table)  with 
the  heuristic  CREST  run  (last  row  in  Table  2).  llte  excellent 
waveform  comparison  in  Pig.  9,  along  with  the  sjx-eduj)  of  1 1 
59;?  X  anti  executioti  time  of  1  min  in  Table  2.  establishes  the 
feasibility  of  solving  large  VLSI  chifjs. 

6.  SUMMARY  AND  CONCLUSIONS 

We  have  extetuled  the  probabilistic  sitnulatioti  approach  [1] 
to  inclutle  the  cotnputation  of  the  variance  of  the  [xiwer/grouiKl 
cuiTcnt  wavefonn,  iti  addition  to  its  exjx'cted  wavefonn.  To 
provitle  the  motivation  for  this,  we  have  focused  on  the  [iroblem 
of  esliinating  the  MTE  ilue  to  EM  in  the  power  and  grouiul 
buses  of  CMOS  circuits.  This  requires  knowletlge  of  the  current 
density  in  these  buses. 

In  previous  work  [IJ,  we  presenletl  a  novel  technique  for 
MTE  estimation  based  on  a  stochastic  current  wave  form 
model.  We  derived  the  expected  w-avefonn  of  this  current 


iiKxle)  atid  gave  a  ipialitative  argiunent  suggesting  tluit  it  is  tlie 
appropriate  wavefonn  to  be  used  for  MTI'  estimation.  In  this 
|)a|x*r,  we  liave  (|uantifieti  tlwt  aigumeni  by  (iresenting  new  the 
oretical  results  which  show  llu*  exact  relationship  lictween  the 
MTI' and  the  statistics  of  the  current,  nqiialion  (2.7)  relales7,.(i, 
retpiired  for  estimating  the  MTF,  to  the  mean  wavefonn  of  a 
noitlinear  function  of  the  stochastic  current.  Coupled  with 
(2.10),  it  provides  an  efficient  and  more  accurate  technir|ue  for 
computing  the  MTE,  which  requires  both  the  ex|x*cted  and  vari  • 
ance  wavefomvs.  A  novel  technique  was  then  presented  to  com¬ 
pute  the  v.iriance  wavefonn  for  CMOS  circuits,  which  has  lx*en 
incorjxinited  into  the  probabilistic  simulator  CREST  [1]. 

Tlie  results  of  several  CREST  nins  were  presented,  demon- 
stniting  good  w.avefonn  agteement  with  SPICE,  .as  well  as  ex¬ 
cellent  s(x'edu|)s  over  traditional  approaches:  a  s(x'edup  of  over 
1 1  500X  w.as  demonstrated  on  a  648  transistor  circuit. 

Using  these  results,  we  have  studied  the  significance  of  the 
v.ari.ance  wavefonn  by  evaluating  its  contribution  to  the  MTE, 
A/,-iT/y,-ii  We  have  found  this  to  be  highly  dependent  on 
whether  a  mininuim  metal  linewidth  can  be  guaranteed,  in 
which  case,  this  contribution  may  be  neglected.  Otherwise, 
and/or  if  a  high  current  density  technology  is  iiseti,  then  the 
variance  contribution  can  be  as  im|x)rtanl  (or  more)  than  tlie  ex 
pected  wavefonn. 

In  any  case,  and  regardless  of  the  significance  of  its  contrihu 
lion  to  the  MTF,  the  variance  wavefonn  is  important  in  its  ow  ti 
right  as  a  measure  of  the  spread  of  the  real  current  waveforms. 
Such  infonnation  may  be  useful  for  studying  voltage  drop 
(glitches)  on  the  [lower/ground  lines.  If  stochastic  techniques 
are  to  lx*  used  for  this  jnir|X)se,  then  it  seems  definite  that  the  ex¬ 
pected  current  by  itself  w  ill  not  Iv  sufficient. 

APPENDIX 

In  this  Ap|x-ndix,  w  e  are  concerned  with  the  problem  of  de¬ 
riving  the  variance  waveforms  in  the  power/grouiul  bus 
branches  given  those  at  the  bus  contacts.  Tlie  bus  can  Ix'  nuxi 
eled  as  a  linear  lime-invariani  (LTI)  system  with  inputs  Xj  and 
outputs  y,.  The  inputs  Xj(t)J  !,...,«  re|)resent  the  contact 

currents  and  carry  the  stoch.'islic  processes  /y(f)  of  know  n  vari 
•» 

ance  wavefomis  o;'(/).  The  outputs y,(f),  i  1 . m  re|)iesi'nl 

the  bus  branch  currents  .it  which  the  variance  waveforms. 
o?,(/),  are  re<|uired  Ix‘t  ////f)  lx*  the  impulse  res|xinse  function 
relating  ii(0  lo.V/(0: 

n 

y,U)  "  £  VO  *  .v,(0.  I  -  I.  .in 

/=■! 

where  denotes  the  convolution  o|H‘talion. 


(A  1) 


It  is  well  known  (see  [5,  p.  209])  that  tlie  variances  of  the  sys¬ 
tem  inputs  are  not  enough  to  derive  the  variances  of  its  outputs. 
The  autocorrelation  of  each  input,  Rxj.xjlt\t2) 

-  ) -’7(^2)],  is  also  required.  Since  the  input  processes 
are  not  wide-sense  stationary  [5],  an  exact  anal)dical  solution 
can  be  quite  complex,  even  if  the  autocorrelations  were  known. 
Therefore,  as  is  often  necessary,  we  will  make  certain  simplify¬ 
ing  assumptions  about  the  structure  of  Rtjxj. 

We  assume  that  the  correlation  between  Xj(t)  and  Xj(t  +  x) 
goes  to  zero  as  In  terms  of  the  autocovariance, 

Cxjxj{ti,t2)~  Rxjxj{ri,t2)-  T\xj(ti)nxjU2),  where  q.t/f) 

-  £[xy(t)],  this  is  fonnulated  as 

CxjxjUi,  ti)=  a.t/n) 

Cxjxj(t\.t2)  ^  0  fo|fi-f2t>r 

where  Tis  a  (typically  small)  time  interval. 

Consider  the  discrete  time  system  obtained  by  sampling,  with 
period  T,  the  continuous  time  system  defined  by  (A.  I).  If 
.t)[A]  -  XjikT)  are  the  discrete  processes  at  the  inputs,  and 
>'([^]  ~  yiikT)  are  the  discrete  output  processes,  then: 


y.j[k]  =  hlflk]  *  Xjlk]  =  £  h\f[K]  Xjlk  -  K].  ( A.5) 

0 

LetTyW  =  Xj[k]  -  n,,y[/:]  andy,y[/:]  =  yy[A]  -  qvj^].  Then 
and  y,y[^]  =  *  Ty[^:],  hence; 


(  ' 

2-1 

^yq\kA  ~  £ 

Y^h\f[K]Xi[k-K\ 

=  £  /tf  [tci]  'I  hf[K2\ 
K|=  0  K2-  0 


•  E[x,[k  -  XI ]  Xj[k  -  K2]]  .  (A.6) 

Furthennore,  it  is  easy  to  see  that  E[xj[ki\  Xj[k2W 
-  Cxjxj(k\,  k2),  which,  using  (A. 2),  gives 

00 

oim  =  £  I  1-  -  k] 

K-0 


yAk]  =  £  *  Xy[kl.  i  =  I, ,  m  (A.3) 

where  li\f\k]  is  the  discrete  impulse  response  function  relating 
.v,[A]  to.Vy[^].  As  shown  below,  the  discretized  output  variance 
waveforms  can  be  derived  irrespective  of  the  shape  of 
C(yy(/i,  t2)  for  I  ti  -  t2  I  T.  The  continuous  variance  wave- 
fonns  can  then  be  obtained  by  ititerpolation.  Strictly  speaking, 
therefore,  the  sampling  period  T should  be  small:  I  /  T  should 
be  larger  than  the  largest  frequency  compotient  of  the  inputs. 
However,  since  fine  waveform  details  are  not  of  paramount  im¬ 
portance  in  this  work,  we  need  only  restrict  T to  be  small 
enough  so  that  wavefomi  features  in  that  small  an  interval  are 
inconseciuential. 

To  simplify  the  notation,  define  _V;y[A'l  -  Zi//*  [k]  *  .V/[Aj  Fur 
iheniiore,  as  pointed  out  above,  we  will  neglect  the  correl.alion 
between  the  contact  currents  Hence,  ilie  Xj  inputs  are  un- 
coiTelated,  and 
n 

Ov,  "  £  o^JA],  1=1, (A.4) 

We  have  thus  reduced  the  problem  to  analyzing  a  single 
input,  single  outiJiit  tiiscrete  LTI  systetn: 


=  I  hf[k]  r  *  O?,  [A].  7) 

Finally,  the  variance  wavefonns  for  the  system  output  are,  using 
(A.4); 


n 

ollk]  =  £  I  <’[A]  r  *  Or, [A],  t  =  I,  ■■■  ,  m.  (A.8) 

ri 


In  other  words,  the  variances  of  the  system  outputs  (bus 
branch  currents)  can  be  obtained  from  the  convolution  of  the 
variances  of  its  inputs  (contact  currents)  with  the  squares  of  its 
discrete  impulse  response  fiinctions.  Tliis  discrete  convolution 
can  be  easily  perfonned  once  the  discrete  impulse  res}x>nse 
functions  are  found.  Of  course,  the  summation  need  not  be 
taken  to  infinity,  and  may  be  convetiientlv  tnmcated  after 

I  ('‘Jl  is  less  than  sotne  small  value.  To  olitain  the  discrete 
impulse  response  functions,  note  that  if  a  unit  step  ini>ut  current 
is  applied  ,at  cotitact  j,  with  all  other  cotitact  currents  held  at 
zero,  and  if  the  resulting  outputs  y,(f)  are  tnotiilored,  then: 

M/’IA]  =>v(AT)-.v,((A-  1)7^ 


ht,(t)dx. 

11/ 


i  =  I, ,  m 


IA.9) 


Ib.S 


Tliis  siippcsls  two  nu'tliotLs  for  ilerivitig  Tlie  first  uses 

a  simulation  program  sucli  as  SPICfi  to  simulate  the  has  with 
unit  step  input  currents  applied  at  each  contact  (one  at  a  time), 
while  moniiorinp  the  bus  hninch  currents.  This  gives  the  mn 

luneiioiis  using  (A. 9)  Another  (appro.xitnale)  tnelliotl 

wi^ui'l  Ix'  to  tnake  use  of  the  secotui  equality  iti  (A.9):  if  the  coti 
linuous  im|iulse  respottse  futictiotis  are  approxitnated  using 
sotne  RC  time  cotislatit  atialysis  of  the  bus,  tlu'ii  the  discrete  itn- 
pulst'  resiX3ti.se  futicliotis  can  lx-  obtaitied  frotn  thetn. 

I'or  very  large  cliijis,  it  tnay  Ixi  proliibitively  exiietisive  to  per- 
fonti  the  reijuired  convolutiotis.  One  cati  sitnplify  the  calcttla- 
liotts  by  tiiakitig  ati  additiotial  assutnption  as  follows.  If  tlie  bus 
is  ktiowti  to  be  "fast,"  i.e.,  if  /tJ/'[A]  dies  down  faster  than 
chatiges  iti  otJA],  theti  (A. 7)  reduces  to: 


£  I //|;\]  i*  (a.io) 

«  =  0 


So  the  cotivohttioas  in  (A.8)  cati  be  replaced  by  sitnple  mul¬ 
tiplications,  and  the  cotistatits  Zr=(i  |  can  lx^  derived  in 

a  preprocessing  step  frotn  the  ittipulse  response  futictiotis  and 
stored  in  a  single  in  X  it  constant  matrix. 

If  the  chip  IS  too  big  to  even  derixe  then  one  further 

simplification  can  be  ma<ie  as  follows.  If  ////’(AJ  dies  down 
faster  thati  changes  in  .v,lA]  then  (A. 5)  reduces  to 
y,,[A]  .X;(A)lir=  0  and  so: 


=  Ov[A] 


I  <'w 


K  =  0 


(All) 


The  constants  (  can  lx*  very  easily  obtained  as 

follows.  Notice  that  is  the  steady  state  current  in 

branch  i  in  response  to  a  unit  step  input  current  at  contact  j,  with 
all  otlier  contact  currents  held  at  zero.  If  the  bus  is  inorleled  ;is  a 
resistive  network,  then  the  steady-state  node  voltages  in  re 
si>oiLse  to  such  inputs  are  the  entries  of  the  driving  (xiint  iinixxl 
ance  m.atrix.  So  if  the  node  admittance  matrix  is  built  by  simple 
insjx'ction  of  the  bus  and  then  inverted  to  jiroituce  the  driving 
point  impedance  matrix,  the  steady-state  currents  are  im¬ 
mediately  available. 
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1.  INTRODUCTION 

Increases  in  the  functional  capabilities  of  tnilitary  systetns 
have  made  these  systems  increasingly  more  difficult  to  operate. 
Increased  opierator  workload  in  modem  workstations  and  air¬ 
craft  have  produced  operator  stress  and  fatigue,  resulting  in  de¬ 
graded  operator  perfonnance,  especially  in  time  critical  tasks. 
One  reason  for  this  problem  is  that  both  data  entry  and  system 
control  functions  are  often  controlled  via  the  systems  keyboard. 
In  some  systems  functions  are  nested  many  layers  deep  making 
the  system  inefficient  and  difficult  to  use.  For  this  reason  tech¬ 
nology  to  improve  the  interface  between  the  system  and  its  op¬ 
erators  is  of  high  interest.  Many  efforts  and  several  technologies 
are  being  pursued  in  speech  recognition  and  synthesis,  multi¬ 
modal  interface  techniques,  and  voice  interactive  concepts  and 
methods.  Such  work  is  being  pursued  to  satisfy  the  require¬ 
ments  for  modem  communication,  collection,  analysis,  identifi¬ 
cation,  resource  management,  and  control. 

Interest  in  potential  uses  of  Automatic  Speech  Recognition 
(ASR)  technology  is  steadily  increasing  in  both  military  and  ci¬ 
vilian  communities.  Much  of  this  interest  is  due  to  advances  in 
electronics  and  computers  rather  than  in  new  techniques  for 
speech  recognition.  Despite  its  current  limitations,  ASR  prom¬ 
ises  to  aid  in  a  variety  of  military  applications  by  increasing  the 
effectiveness  and  efficiency  of  the  marunachine  interface.  In¬ 
deed,  military  oiganizations  have  long  been,  and  continue  to  be, 
one  of  the  main  sources  of  support  of  research  and  development 
of  ASR  technology. 

This  chapter  discusses  some  recent  applications  of  ASR  tech¬ 
nology,  It  is  not  intended  to  be  exhaustive  but  rather  presents  a 
representative  perspective  of  the  military  uses  of  this  technol¬ 
ogy.  Four  major  categories  of  applications  are  discussed: 
Audio  Signal  Analysis,  Voice  Input  for  Command  and  Control, 
Message  Sorting  by  Voice,  and  Automatic  Gisting. 

2.  AUDIO  SIGNAL  ANALYSIS 


channel  noise  has  high  interest  and  many  applications.  This  in¬ 
terest  in  speech  enhancement  is  not  only  in  improving  the  qual¬ 
ity,  readability  and  intelligibility  speech  signals  for  human  lis¬ 
tening  and  understanding  but  to  improve  speech  signals  for  ma¬ 
chine  processing  as  well.  Speech  technology  such  as  speaker 
identification,  language  recognition,  narrowband  communica¬ 
tions,  and  word  recognition  being  developed  requires  good 
quality  signals  in  order  to  provide  effective  results.  The  devel- 
ofiment  of  automatic  real-time  speech  enhancement  technology 
is  therefore  of  very  high  interest  to  military  users. 

There  are  a  large  number  of  applications  for  speech  enhance¬ 
ment.  Many  systems  that  perform  silence  or  gap  removal  and/or 
speech  compression  have  difficulty  with  the  processing  of 
noisy  communications  data.  In  many  instances  gap  removal  is 
completely  ineffective  and  compression  schemes  completely 
degrade  speaker  identity  and  cause  large  reductions  in  intelligi¬ 
bility.  These  systems  require  speech  enhancement  to  be  opera¬ 
tionally  effective.  The  use  of  Automatic  Speech  Recognition 
(ASR)  in  noisy  environments  such  as  the  Cockpit  is  of  very 
high  interest.  Although  there  has  been  some  success  in  using  re¬ 
stricted  and  well  structured  ASR  in  the  coclqiit,  difficulties  with 
acoustic  noise  in  the  airborne  environment  is  much  more  trou¬ 
blesome  for  larger  vocabulary  continuous  speech  recognition 
systems.  The  successful  use  of  enhancement  for  ASR  can  offer 
perfonnance  improvements  that  will  make  voice  control  and 
data  entry  operationally  acceptable  for  many  airborne  applica¬ 
tions. 

Another  area  in  which  the  noise  generated  in  an  aircraft 
causes  problems  is  the  use  of  vocoders  for  narrowband  jam  re¬ 
sistant  communications.  Vocoder  technology  use  is  restricted  in 
many  airborne  applications  because  the  acoustic  noise  gener¬ 
ated  by  the  aircraft  degrades  the  intelligibility  of  the  vocoder 
system  to  an  unacceptable  level.  Speech  enhancement  to  reduce 
the  aircraft  noise  offers  the  capability  to  make  a  variety  of  vo¬ 
coder  technology  available  for  airborne  use. 

A.  Speech  Enhancement 


Speech  enliancement  and  interference  reduction  technology 
to  improve  the  quality,  readability  and  intelligibility  of  speech 
signals  that  are  masked  and  interfered  with  by  communication 
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Speech  Enhancement  is  the  capability  to  remove  frequently 
encountered  communication  channel  interfererKes  with  mini- 


niuin  doenuLitioii  to  the  spi'ech  signals  The  types  of  interfer 
eiices  or  tioist^s  removed  can  tie  classed  into  three  groups  (1) 
impulse  noise  such  as  static  and  ignition  noise,  (2)  narrowband 
nois<‘  which  includes  all  tone  like  noise,  and  (3)  w  ideband  ran 
dom  noise  such  as  atmosphenc,  receiver  electronic  noises,  and 
aircraft  noise  Impulse  noise  removal  processes  are  usually  a 
time  domain  process.  Tlie  process  is  very  effective  for  remov 
ing  impulses  up  to  20  milliseconds  in  length.  Narrow  band  noise 
removal  processes  are  usually  a  frequency  domain  process. 
Techniques  are  reipiired  to  remove  both  high  level  and  low 
level  tones  ot  which  there  may  be  several  hundred.  Tlie  tones 
may  Iv  fi.xed  or  moving.  Such  a  capability  is  extremely  useful 
111  removing  power  converter  hums  and  hetrodyne  signals 
found  on  communication  channels.  Wideband  noise  removal 
processes  frequently  use  cepstrum  subtraction  processes.  The 
only  successful  process  developed  by  the  United  States  Air 
Force  at  Rome  Labor, Uoiy,  Griffiss  AFB  NY  is  a  subtractive 
process  that  is  accomplished  in  the  spectrum  of  the  square  root 
of  the  amplitude  spectrum.  While  this  fiuiction  is  not  the  same 
as  the  cepstrum  (the  cepstnim  is  the  spectnun  of  the  log  ampli¬ 
tude  spectrum),  since  it  resembles  the  cepstnun  it  is  referred  to 
as  the  root-cepstnun.  In  this  method  of  noise  reduction  the  av¬ 
erage  root-cepstrum  of  the  noise  in  the  itiput  signal  is  continu¬ 
ally  updated  and  subtracted  from  the  root-cepstrum  of  the  com¬ 
bined  speech  and  noise.  Because  the  random  noise  concentrates 
disproportionately  more  power  in  the  low  region  of  the  root- 
cepstrum  than  does  the  speech,  the  subtracted  recotistructed 
time  signal  produces  an  enlianced  speech  signal.  A  picture  of  a 
prototype,  the  VLSI  ,  and  the  VHSIC  enhancement  units  is 
show  ti  in  Figure  I . 

Other  enhaticement  processes  have  been  developed  for 
uni(|ue  interferences  and  noises  and  have  been  shown  to  be  ef 
fective  for  their  specific  use.  New  enhancement  methods  are 
continually  sought.  Some  examples  currently  being  pursued  by 
research  and  development  laboratories  are  technologies  such  as 
Hidden  Markov  models.  Neural  Networks,  and  Artificial  Intel¬ 
ligence 


B.  Sivech  Eiihaiiceiiieiit  Testing 

How  to  detennine  the  value  of  a  sjjeech  enliancement  capa¬ 
bility  or  technique  has  been  a  never  ending  debate.  Test  meth¬ 
ods  are  subjective  and  test  procedures  not  well  established  mak¬ 
ing  compansofLs  of  systenvs  and  techniques  difficult  to  inqxrssi 
hie  However,  (iro[x-r  testing  is  critical  to  successfully  applying 
and  fielding  a  capability  iti  a  milit.iry  or  commercial  applica 
tion  As  a  result,  several  test  inelhcxls  and  procedures  were  de 
veloped  by  Rome  Laboratory  through  necessity  Since  the 
Rome  Laboratory  Speech  nnhaiicement  Unit  (SIdJ)  is  cur 


I  ig  I  Iwohiiioi)  of  S|)«Tcli  [ailiaiitiMiirtil  llarilwarr  I'rom  Irfl  to  riglil 
l’n)lol>-j)i-,  VUSl,  VHSIC. 


rently  the  only  process  that  Iras  been  thoroughly  tested  in  the 
laboratory  and  in  field  nrilitary  applications,  and  since  many  of 
the  test  methods  have  been  endorsed  by  other  agencies,  the  dis 
cussion  on  testing  and  on  enhancement  capabilities  will  use  the 
SEU  as  an  example. 

The  SEU  has  been  tested  in  two  are.is.  Tliey  are  ( 1 )  the  reduc¬ 
tion  of  communication  channel  noise  to  improve  the  recogni¬ 
tion  perfonnance  of  human  listener  and  (2)  the  reduction  of 
wideband  random  noise  and  aircraft  cockpit  noise  to  improve 
the  perfonnance  of  automatic  speech  recognition  (ASR)  sys 
terns.  Lnprovements  in  perfonnance  liave  been  demonstrated  in 
other  areas. 

Tire  first  test  conducted  on  tire  SEU  detennined  the  effect  of 
processing  radio  frequency  voice  conrmunication  channels 
containing  a  variety  of  off-the  air  noises  on  the  monitoring  per 
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formance  of  humans.  The  signals  were  monitored  by  equally 
skilled  trained  Air  Force  operators  both  before  and  after  en¬ 
hancement  by  the  SEU.  The  data  was  controlled  so  that  no  op¬ 
erator  heard  the  same  data  before  and  after  enhancement.  The 
readability  of  the  signals  was  rated  before  and  after  enhance¬ 
ment.  The  readability  of  the  signals  is  as  shown  in  Figure  2. 
Note  the  shift  in  the  readability  of  the  signals  after  enhance¬ 
ment  The  results  clearly  show  an  improvement  in  readability. 
However,  not  only  was  there  a  significant  improvement  in  the 
readability  of  the  signals  but  operator  fatigue  was  reduced,  in¬ 
telligibility  improved,  and  very  importantly,  the  enhancement 
process  was  found  to  be  capable  of  being  operated  in  an  entirely 
automatic  mode.  Also  important  was  the  uncovering  of  events 
that  were  not  recognized  before  enhancement.  These  results  ap¬ 
pear  to  agree  with  equipment  laboratory  tests  which  showed  the 
narrowband  and  impulse  noise  to  be  attenuated  as  much  as 
40dB.  Measurements  on  the  wideband  removal  ptiocess  showed 
a  signal-to-noise  ratio  improvement  of  from  15  to  21dB. 

Tlie  second  set  of  tests  were  conducted  to  detennine  the  ef¬ 
fect  of  using  the  SEU  as  a  preprocessor  to  automatic  speech  rec¬ 
ognition  systems.  Several  speech  recognizers  were  used  with 
good  results. 

The  results  of  a  test  conducted  at  an  Air  Force  flight  labcaa- 
tory  with  the  SEU  acting  as  a  preprocessor  to  an  LPC -based 
recognizer  showed  substantial  recognition  improvements.  The 
tests  were  conducted  in  a  facility  where  the  acoustic  environ¬ 
ment  of  the  F-16  cockpit  was  simulated.  The  tests  were  con¬ 
ducted  using  the  Advanced  Fighter  Technology  Integration 
(AFTI)  36-word  vocabulary.  Training  was  accomplished  with¬ 
out  the  SEU  and  in  85dBa  sound  pressure  level  (SPL).  Six  sub¬ 
jects  were  tested;  four  military  pilots  and  two  Lear  Siegler  per¬ 
sonnel.  The  two  subjects  used  for  the  enhancement  tests  were 
the  lowest  scoring  military  pilots  in  the  tests.  Enhancement  was 
used  only  during  the  109dBa  and  1  l5dBa  noise  level  tests.  At 
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109dBa  noise  level  recognition  performance  increased  from 
46%  without  SEU  processing  to  75%  after  enhancement.  Per¬ 
formance  jumped  from  30%  to  79%  after  enhancement  for  the 
1 15dBa  noise  level  condition.  Figure  3. 

Other  tests  using  the  SEU  or  a  preprocessor  have  shown 
varying  degrees  of  improvement.  Test  results  without  training 
the  recognizer  through  the  SEU  show  digit  recognition  im¬ 
provements  of  20%  correct  recognition  to  83%  after  enhance¬ 
ment  for  an  input  S/N  of  3dB  using  wideband  random  noise. 
Figure  4. 

Better  performance  was  obtained  by  training  the  recognizer 
through  the  SEU  under  no  noise  conditions.  The  results  ob¬ 
tained  for  this  condition  show  an  improvement  from  2 1  %  to 
100%  correct  recognition  after  enhancement  at  a  10  dB  S/N. 

C.  Co-Channel  Interference  Reduction 
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ArKither  type  of  interference  that  is  often  encountered  in  mil¬ 
itary  operations  is  co-channel  interference.  This  voice  on  voice 
interference  occurs  when  there  are  two  or  more  transceivers 
transmitting  at  the  same  time  on  the  same  frequency  channel. 
As  an  example,  co-channel  interference  occurs  when  two  air¬ 
craft  attempt  to  communicate  with  the  control  tower  at  the  same 
instant  in  time  which  most  often  results  in  unintelligible  speech 
at  the  tower. 

Techniques  to  reduce  co-channel  interfererKe  have  been  ajj- 
plied  to  the  radio  frequency,  the  intermediate  frequetKy  and  the 
demodulated  audio  signals.  Radio  frequency  methods  attempt 
to  reduce  the  interfererKe  by  creating  antenna  peaks  and  nulls  to 
separate  signals  by  spatial  filtering.  This  riKthod  is  limited  by 
the  physical  size  of  the  antenna  array.  This  riKthod  is  not  effec¬ 
tive  for  signals  having  the  same  line  of  bearing. 
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Intemiediate  frequency  techniques  which  have  had  some 
success  use  signal  amplitude  and  frequency  to  discriminate  be¬ 
tween  the  co-channel  signals.  The  techniques  are  effective  for 
separating  frequency  modulated  (FM)  signals  from  other  FM 
signals  and  amplitude  modulated  signals  (AM)  from  FM  sig¬ 
nals  but  are  not  effective  for  separating  AM  from  AM  signals. 

Separating  the  co-channel  signals  in  the  audio  band  is  attrac 
five  because  it  is  independent  of  the  geometry  of  the  emitters 
and  the  signal  modulation.  M..iny  techniques  have  been  devel¬ 
oped  but  generally  all  these  techniques  are  based  on  separating 
voiced  speech  segments  only.  Therefore  these  techniques  must 
rely  on  separating  the  pitch  of  the  talkers  and  using  this  infor¬ 
mation  to  extract  the  desired  talker  or  suppress  the  interfering 
talker.  Some  of  tlie  techniques  that  have  had  some  success  on 
signals  where  the  ratio  of  the  talkers  strengths  are  large  (- 12  to, 
25  dB  reference  to  the  stronger  talker)  are  pitch  tracking  comb¬ 
filters  and  hannonic  magnitude  suppression  algorithms. 
Both  require  accurate  pitch  tracking  and  hence  have  difficulty 
where  the  pitches  of  the  talkers  cross,  where  the  pitch  changes 
rapidly  and  where  the  pitches  are  close  in  frequency.  Analysis 
techniques  tlrat  provide  high  resolution  to  resolve  sntall  differ¬ 
ences  in  the  pitch  of  the  talkers  are  not  able  to  track  rapid 
changes  in  pitch.  Therefore  trade-offs  are  generally  made  be¬ 
tween  frequency  and  time  resolution  to  satisfy  both  tracking 
speed  and  frequency  resolution  rexiuirements. 

Techniques  that  rely  on  eliminating  the  pitch  components  of 
one  talker  by  removing  the  components  etttirely  have  not  had 
success  in  improving  the  intelligibility  of  the  desired  talker. 
The  suspected  reason  is  that  some  components  of  the  desired 
talker  are  also  eliminated  and  the  holes  in  the  frequency  spec¬ 
trum  generate  masking  noise.  The  only  techniques  that  have 
improved  intelligibility  of  co-channel  speech  are  those  that 
have  suppressed  the  latger  interfering  talker  to  a  level  near  to 
the  desired  talker.  This  places  the  burden  of  separating  the 
talkers  on  the  listener.  Results  for  a  tnethod  called  Hannonic 
Magnitude  Supjjression  (HMS)  which  uses  this  technique  show 
an  absolute  improvement  in  intelligibility  of  6.3%  for  a  ratio  of 
-6  dB  reference  stronger  talker  and  7.2%  for  a  ratio  of  - 18  dB 
for  the  same  reference.  It  should  be  remembered  that  this  im¬ 
provement  was  made  by  processing  only  the  voiced  speech. 

Unvoiced  speech  was  left  for  the  listener  to  interpret.  Based 
on  the  continuous  speech  of  two  English  talkers  sitnultaneously 
talking,  the  percent  of  the  time  voiced  speech  falls  on  voiced 
speech  is  approxitnately  35%.  Hence,  if  the  HMS  process  pro¬ 
vided  perfect  separation  of  voiced-on- voiced  speech,  the  maxi¬ 
mum  improvement  in  intelligibility  can  be  no  greater  than  35%. 
Latger  improvements  will  require  research  in  the  separation  of 
unvoiced  speech  from  both  the  voiced  and  unvoiced  speech  of 
another  talker. 


3.  VOICE  INPUT  FOR  COMMAND  AND 
CONTROL 

There  are  many  man-machine  interface  (MMI)  problems  as¬ 
sociated  with  the  modem  cotnmunication  stations,  battle  man¬ 
agement  workstations  and  the  advanced  aircraft  cockpit.  Sev¬ 
eral  factors  have  led  to  the  MMI  problems  and  the  subsequent 
thrust  of  military  development  of  MMI  technologies.  They  are; 

•  Adding  on  new  capabilities  to  existing  systems 

•  New  systems  with  many  combined  capabilities 

•  Increased  complexity  of  the  environment 

•  Reduced  time  to  complete  tasks 

•  Increases  in  the  number  of  time  critical  tasks 

Many  of  these  factors  are  the  direct  result  of  reduced  man¬ 
power  (accomplish  more  with  fewer  operators),  and  the  in¬ 
creased  speed  of  events  caused  by  higher  speed  aircraft  and  ad¬ 
vanced  weaponry. 

New  ASR  and  speech  synthesis  technology  forms  the  basis 
for  voice  inpul/output  (I/O)  systems.  Such  systems  can  improve 
manmachine  interaction  for  modem  communications,  collec¬ 
tion,  analysis,  identification,  resource  management  and  control. 
Speech  communication  with  machines  can  offer  advantages 
over  other  modes  of  communication  such  as  manual  methods, 
especially  when  humans  are  engaged  in  tasks  requiring  hands 
and  eyes  to  be  busy.  Speech  offers  the  most  natural,  and  poten¬ 
tially  the  most  accurate  and  fastest  mode  of  communication,  but 
is  susceptible  to  environmental  interference,  and  restricted  by 
speaker  and  training  requirements.  Researchers  are  currently 
investigating  speech  recognition  techniques  which  would  per¬ 
mit  a  more  natural,  continuous  form  of  speaking  style  and 
which  would  require  a  minimum  amount  of  training  by  the 
speaker. 

The  workload  of  the  military  flight  crew  is  becoming  more 
demanding,  due  to  increases  in  the  amount  of  complex  equip¬ 
ment  crew  members  must  monitor  and  control.  Hetrce,  there  are 
constant  demands  on  crew  members  for  manual,  visual  and 
aural  attention  in  order  to  perform  vital  mission  futKtiotrs,  such 
as  navigation,  controlling  weapons  and  monitoring  sensors.  At 
present,  most  critical  futKtions  are  performed  via  manual  oper¬ 
ation  of  switches  and  keys.  The  increase  in  the  number  of  man¬ 
ual  tasks,  as  well  as  information  processing  demands,  has  made 
it  difficult  for  the  crew  member  to  perform  all  the  necessary 
functions  while  maintaining  control  of  the  aircraft.  ASR  tech 
tvology  can  aid  in  relieving  this  information  and  motor  overload 
by  allowing  the  use  of  voice  to  control  manual  functions. 

An  airborne  environment  presents  serious  problems  for  any 
speech  recognition  device.  These  problems  include  high  ambi- 
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ent  noise,  high  g-forces,  vibration,  effects  of  oxygen  masks,  and 
extremes  of  altitude,  pressure,  temperature  and  humidity.  Yet 
there  is  no  doubt  that  military  organizations  see  ASR  teclinol- 
ogy  as  an  integral  part  of  future  airborne  cockpit  avionics  if  the 
challenge  of  operating  in  the  harsh  air  environment  can  be  met. 

Currently  efforts  are  being  made  for  the  development  of 
MMl  concepts  and  testbeds  for  test  and  evaluation  of  those  con¬ 
cepts.  The  overall  purpose  of  the  research  is  to  determine  the  re¬ 
quirements  to  provide  efficient  interfaces  for  the  advanced 
cockpits  and  workstations.  The  voice  interface  goals  are  to  de¬ 
velop  the  rudiments  of  an  overall  philosophy  for  verbal  interac¬ 
tion  with  these  systems. 

In  order  to  develop  the  philosophy  and  subsequent  tech¬ 
niques,  detailed  scenarios  for  the  cockpit  and  workstations  are 
analyzed  in  tenns  of  tasks,  workload  types,  type  and  amount  of 
infonnation  to  be  transferred,  time  constraints,  criticality  of  the 
infonnation,  and  environmental  conditions.  Using  the  scenarios 
infonnation,  experiments  are  conducted  to  detennine  funda¬ 
mental  relationships  such  as: 

•  the  effects  of  S/N  in  tenns  of  time  and  accuracy  on  the 
completion  of  an  audio  task  at  various  audio  workloads. 

•  the  effects  of  various  visual,  manual,  and  oral  workloads 
on  various  audio  (listening)  tasks  and  vice  versa. 

•  the  effects  of  injecting  audio  messages  (both  voice  and 
sound)  into  a  system  under  various  audio,  visual,  and  tnan- 
ual  workloads. 

Knowing  these  interrelationships  narrows  the  number  of  in¬ 
terface  modalities  for  a  given  task  under  a  given  set  of  condi¬ 
tions  and  allows  an  estimation  of  a  performance  level.  B^tsed  on 
the  results  from  the  experiments,  designs  for  MMI  testbeds  are 
developed,  and  evaluated.  Tests  are  generally  conducted  using 
the  communications  scenarios. 

A.  Voice  Verification 

A  different  type  of  voice  command  system  is  used  to  control 
entry  to  secure  areas  and  computer  systems.  There  is  significant 
military  interest  in  the  use  of  automated  systems  based  on  per¬ 
sonal  attributes  (such  as  speech)  to  verify  the  identity  of  indi¬ 
viduals  seeking  access  to  restricted  areas  and  systetns  (such  as 
flight  lines,  weapon  storage  areas,  classified  record  storage 
areas,  command  posts,  computers,  workstations,  aircraft,  etc  ). 
In  this  application,  ASR  technology  is  employed  for  automatic 
speaker  verification,  which  identifies  who  is  doing  the  talking 
rather  than  the  words  being  spoken.  Techniques  based  on  both 
amplitude  spectral  information  and  Linear  Predictive  Coding 
(LPC)  have  proved  successful. 


In  discussing  the  accuracy  of  speaker  verification  and  other 
ASR  systems,  it  is  important  to  note  the  tradeoffs  that  can  be 
made  which  affect  system’s  performance.  The  two  most  com¬ 
monly  recorded  error  types  are,  rejection  (a  legitimate  utterance 
is  falsely  rejected)  and  substitution  (an  incorrect  utterance  of 
falsely  substituted  for  the  legitimate  utterance).  In  evaluating 
speaker  verification  performance,  rejections  ate  called  "Type  I" 
errors  and  result  when  an  authorized  user  has  been  incorrectly 
denied  access  to  a  secure  area.  Substitutions  are  called  “TVpe  II" 
errors  and  are  a  consequence  of  an  imposter  succeeding  in  gain¬ 
ing  access  as  an  authorized  user.  The  tradeoff  between  the  two 
error  types  are  illustrated  in  Figure  5. 

Most  ASR  systems  (including  speaker  verification)  incorpo¬ 
rate  a  variable  threshold  which  can  be  adjusted  to  control  the 


balance  between  error  types.  Lowering  the  threshold  tightens 
the  requirements  for  acceptance  of  an  utterance  and  thus  lowers 
the  Type  D  error,  but  with  an  increase  in  the  Type  I  error.  Also 
shown  in  Figure  5  by  the  dotted  curve  is  a  Receiver  Operating 
Characteristic,  which  is  a  graph  of  the  overall  recognition  accu¬ 
racy  as  a  function  of  threshold. 

Recognition  accuracy  may  be  increased  by  threshold  adjust¬ 
ment,  with  however,  a  penalty  of  additional  substitution  errors 
(Type  n  errors). 

In  one  lest  of  an  automatic  speaker  verification  system  in¬ 
tended  for  military  use,  the  average  Type  I  and  Type  n  error 
rates  were  both  on  the  order  of  one  percent.  The  test  included 
over  100  talkers,  over  a  several  month  test  jjeriod  (which  in¬ 
cluded  occasions  when  speakers  had  colds  or  other  voice  ail¬ 
ments),  and  for  an  environment  with  a  high  signal-to-noise  ratio 
(SNR).  This  system  was  able  to  perform  successfully  even 
when  several  professional  mimics  attempted  to  imitate  selected 
target  speakers.  Recent  results  obtained  in  a  speaker  verification 
lest  using  1(X)  male  and  100  female  speakers,  show  a  1  %  T^'p^ 
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I  error  for  7300  verification  attempts  and  a  0.07%  Tyjje  D  error 
for  28,000  verification  attempts. 

It  is  important  when  using  ASR  technology  for  military  com¬ 
mand  and  control  applications  that  the  total  system  be  consid¬ 
ered,  not  just  the  voice  component.  A  tliorough  analysis  of  tlie 
human  job  tasks  and  a  complete  understanding  of  the  system 
and  environment  to  which  ASR  technology  is  interfaced  are 
necessary. 

4  MESSAGE  SORTING/AUDIO 
MANIPULATION 

Listening  to  radio  broadcasts  is  a  time-consuming,  mati- 
power-intensive  and  tedious  task  for  military  operators  This  is 
due  to  tlie  high  density  of  received  signals  and  the  poor  signal 
quality,  which  causes  operator  fatigue  and  reduced  effective¬ 
ness.  A  potential  solution  to  the  problem  is  the  use  of  ASR  tech¬ 
nology  to  automate  part  of  the  listening  process.  There  are  sev¬ 
eral  recognition  technologies  being  pursued  that  address  the 
message  sorting  and  routing  problem,  these  include  speaker 
identification,  language  recognition  and  keyword  recognition. 

Figure  6  shows  how  a  typical  message-sorting  system  might 
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Fig.  6.  Gaicral  Mcs.<!agc  Sorting  System 


Operate.  A  number  of  voice  channels  are  multiplexed  into  a  pre 
processor.  The  preprocessor  performs  initial  signal  processing 
such  as  noise  and  interference  removal  as  well  as  co-channel  in¬ 
terference  reduction.  Subsequently,  several  automated  ASR 
systems  such  as  speaker  authentication,  language  recognition, 
etc.  determine  important  characteristics  of  the  speech  in  the 
channels  being  monitored.  Based  on  these  results,  a  decision 


processor  then  combines  the  information  from  the  ASR  system 
with  signal  related  inputs  such  as  signal-to-noise  ratio,  time, 
etc.,  and  provides  a  correlated  input  to  a  switching 
demultiplexer  which  provides  the  messages  to  an  operator,  or 
an  automatic  gisting  system. 

In  order  to  satisfy  military  operational  needs  these  recogni 
tion  technologies  must  handle  several  operational  constraints. 

An  ASR  system  must 

•  Be  context  independent  for  speaker  and  language  identifi¬ 
cation 

•  Handle  uncooperative  speakers 

•  Be  robust  to  band-limited  and  noisy  channels 

•  Handle  dynamic  channel  conditions 

•  Operate  on-line  and  in  real-time 

•  Perfonn  recognition  on  very  short  messages 


A.  Speaker  Authentication 

Speaker  authentication  is  one  method  of  message  sorting  that 
can  be  used  to  reduce  the  number  of  signals  a  communications 
operator  must  handle.  Such  systems  must  identify  unknown 
talkers  on  multiple  channels  in  real  time  using  a  small  sample  of 
their  speech  and  under  the  above  operational  constraints.  The 
operator  can  specify  those  talkers  who  are  of  interest  at  a  partic¬ 
ular  time,  and  the  system  will  route  to  the  operator  only  speech 
that  it  identifies  as  spoken  by  the  specified  talkers. 

Prior  to  executing  a  recognition  task,  a  speaker  authentication 
system  is  trained  using  one  to  two  minutes  of  speech  from  each 
of  the  talkers  who  may  later  be  recognized.  The  major  require¬ 
ment  for  the  system  is  that  it  identify  speakers  using  as  little  as 
two  to  five  seconds  of  their  speech  since  messages  are  often 
short  but  critical.  Very  few  systems  have  been  field  tested. 

One  Speaker  Authentication  System  developed  by  Rome 
Laboratory  uses  two  techniques,  a  multiple  parameter  algo¬ 
rithm  using  the  Mahalanobis  metric  and  an  identification  tech¬ 
nique  based  on  a  continuous  speech  recognition  (CSR)  algo¬ 
rithm.  The  multiple  parameter  algorithm  uses  both  speech  and 
non-speech  frames.  The  speech  frames  are  used  to  characterize 
the  talker  for  recognition,  and  the  non-speech  frajnes  to  detect 
possible  changes  in  talkers. 

Recognition  is  perfonned  by  comparing  the  current  average 
parameter  vector  with  each  of  the  active  speaker  models  Once 
per  second  the  identity  of  the  three  models  that  are  closest  to  the 
speech  being  recognized  are  output  with  their  corresponding 
scores.  Each  second,  the  frames  from  the  last  second  are  accu¬ 
mulated  and  added  to  the  average.  The  distance  is  then  com 
puted  using  the  Mahalanobis  metric. 

The  recognition  module  also  monitors  ncnspeech  fratnes  to 
detect  pauses  in  the  input  speech  that  are  associated  with  possi- 
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ble  changes  in  talkers.  When  non-speech  frames  are  input,  the 
recognition  module  ignores  the  frame,  but  increments  the  si- 
lence-frames-in-a-row  counter.  If  the  silence-ffames-in-a-row 
counter  exceeds  a  silence  threshold  (user  selectable,  default 
value  of  0.5  seconds),  the  recognition  module  signals  a  possible 
change  in  talker. 

A  second  approach  uses  small  sub- word  templates  to  model  a 
pjerson’s  voice  characteristics,  rather  than  the  long  term  spectral 
statistics  that  are  used  in  the  multi-parameter  technique.  The  test 
results,  using  a  CSR  spjeech  recognition  system,  show  a  very 
significant  improvement  in  recognition  accuracy  over  the  first 
approach.  The  recognition  accuracy  exceeded  95%  for  clean 
spieech  segments  of  2  seconds  or  longer  duration,  as  compared 
to  75%  for  the  multiparameter  technique.  Spieech  enhaticement 
as  a  noise  removal  preprocessor  to  spieaker  identification  is  re¬ 
quired  if  aulomatic  message  sorting  by  spieaker  is  to  be  effective 
in  field  opierations. 

B.  Audio  Management 

Increases  in  the  functional  capabilities  of  modem  work¬ 
stations  have  made  them  increasingly  more  difficult  to  manage 
and  opjerate.  Increased  opterator  workload  has  produced  opera¬ 
tor  stress  and  fatigue,  which  has  resulted  in  degraded  operator 
performance,  especially  in  time  critical  tasks.  Military  research 
and  development  continues  to  investigate  and  develop  methods 
for  audio  handling,  routing,  and  prioritization. 

Rome  Laboratory  developed  the  first  Advanced  Speech  Pro¬ 
cessing  Station  (ASPS)  in  the  late  1970’s.  The  concept  of  the 
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ASPS  was  to  alleviate  the  problems  associated  with  analog  re¬ 
cording  methods  by  utilizing  digital  techniques.  These  tech¬ 
niques  were  the  first  to  allow  an  operator  to  playback  pre-re¬ 


corded  speech  while  still  recording  incoming  speech.  Utilizing 
a  two  minute  buffer,  digital  techniques  allowed  the  operator  to 
manipulate  the  audio  signal  in  the  following  ways:  jump  back¬ 
wards  or  forwards,  speed-up  or  slow-down  while  retaining  fre¬ 
quency  infonnation,  repeat  or  loop  speech  segments,  tag  speech 
for  instant  recall  and  remove  silence  or  non  speech  gapss. 

New  systems  improved  both  the  audio  and  text  capabilities, 
provided  better  operator  interfacing,  and  reduced  workstation 
size,  weight  and  cost.  Tests  on  these  systems  have  demonstrated 
improved  performance/productivity  (speed  and  accuracy),  re¬ 
duced  operator  fatigue  and  improved  comprehension  of  the 
audio  data. 

Because  of  the  success  of  these  techniques,  modem  work¬ 
stations  containing  many  of  the  capabilities  are  commercially 
available.  Audio  manipulation  capabilities  are  also  available  in 
a  stand  alone  unit.  Figures  7  and  8. 


•  FIVE  MINUTES  OF  DIGITAL  AUDIO  STORAGE 

•  SIMULTANEOUS  RECORD/PLAYBACK 

•  JUMP  FORWARD/BACKWARD 

•  LOOP  -  variable  size 

•  VARIABLE  RATE  PLAYBACK  -  0.65  -  2  X’s  real-time 

•  SELENCE/GAP  REMOVAL  ON  PLAYBACK  select¬ 
able 

•  AUTOMATIC  PITCH  NORMALIZATION 

.  BANDWIDTH  100  3700  Hz 

•  SENSITIVITY  -  1  millivolt 

•  DELAY/RESPONSE  TIME  -  300  millisec.  maximum 

•  COMPACT  IN  SIZE  3  "H  x  7  "W  x  10  "D 

•  LIGHTWEIGHT  10  lbs 


Fig.  8.  Specifications  of  the  Audio  Manipulation  Unit  in  Figure  7 


5.  AUTOMATIC  GISTING 

There  is  high  interest  in  the  military  in  automatic  gisting  (un¬ 
derstanding  the  major  intent  of  a  message)  technology.  The  goal 
of  automatic  gisting  is  to  automatically  gist  voice  traffic  in  real¬ 
time  for  the  upxlating  of  databases  and  to  pjroduce  in-time  re¬ 
ports.  Such  a  capability  will  sigruficantly  increase  the  ability  to 
collect  and  process  large  amounts  of  voice  traffic  and  reduce  the 
data  to  its  most  meaningful  kernel,  i.e.,  "gist." 

However,  to  develop  a  gisting  technology  requires  advanced 
technology  in  the  following  areas: 

•  Continuous  Spjeech  Recognition 

•  Keyword  Recognition 

•  Speaker  Identification 
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6.  FUTURE  DIRECTION 


•  Sp)eaker  AdaptatioiVNoimalization 

•  Natural  Language  Processing 

•  Speech  Understanding/Artificial  Intelligence 

•  Noise  Reduction  Techniques 

Although  much  research  is  being  conducted  in  several  of 
these  technology  areas  independently  for  commercial  and  mili¬ 
tary  applications,  much  less  research  is  being,  conducted  to 
combine  these  technologies.  Due  to  the  harsh  military  environ¬ 
ment,  keyword/phase  recognition  performance  has  been  very 
poor.  It  is,  therefore,  essential  to  combine  these  technologies  to 
obtain  a  robust  gisting  capability.  The  technology  is  being  ap¬ 
plied  to  air  traffic  control  voice  communications. 

The  goal  of  the  research  is  to  extract  infonnation  from  the 
communication  that  takes  place  between  the  aircraft  and  the 
control  tower.  The  system  would  be  capable  of  producing  a  gist 
of  the  dialog  and  would  compile  the  infonnation  about  the 
transactions  and  activities  that  occurred.  Some  of  the  desired 
capabilities  are: 

•  Separate  the  speech  between  pilots  and  controllers 

•  Detennine  the  airline  and  flight  number 

•  Identify  both  the  pilot  and  controller 

•  Determine  the  activity  underway  such  as  takeoff,  landing, 
etc. 

A  firul  goal  of  the  research  is  to  develop  a  real-time  testbed 
system  to  perform  the  extertsive  testing  necessary  to  assess  the 
current  technology  as  well  as  provide  future  direction  for  re¬ 
search  and  development  to  address  military  field  operations. 


TODAY  CHALLENGE 

SPEECH  RECOGNITION 
VOCABULARY  SIZE  300  1000 

TYPE  OF  SPEECH  ISOLATED  CONTINUOUS 

ACCURACY  97%(CLEAN)  95%(COCKPIT) 

SPEAKER  IDENTIFICATION 

ACCURACY  94%(CLEAN)  98%  (NOISY) 


Tire  use  of  speech  technology  for  military  applications  has 
been  shown  to  increase  the  effectiveness  of  a  variety  of  opera 
iional  tasks.  Figure  9  shows  some  basic  speech  processing  tech 
nologies  along  with  the  current  capabilities  and  future 
challenges  for  these  technologies.  Speaker  identification  cur¬ 
rent  performance  is  given  for  sinali  numbers  of  speakers  while 
the  challenge  is  to  obtain  this  (jetfonnance  for  a  hundred  or 
more  speakers.  Several  new  techniques  are  being  pursued  to 
meet  the  speech  enhancement  challenge.  However,  it  is  crucial 
that  the  speech  signal  not  be  degraded  by  the  process.  Measure¬ 
ment  techniques  for  speech  enhancement  are  not  standardized 
making  perfonnance  comparison  of  techniques  difficult.  New 
laboratory  measurement  techniques  that  better  estimate  field 
perfonnance  are  required.  The  figure  also  shows  the  speech 
compression  jam  resistant  factor  referenced  to  a  four  kilohertz 
bandwidth.  The  challenge  here  is  to  obtain  the  jam  resistant  fac¬ 
tor  and  meet  intelligibility  requirements  when  the  acoustic  en¬ 
vironmental  noise  is  high  such  as  in  the  cockpit  of  an  aircraft  or 
in  a  ground  vehicle.  It  must  also  be  pointed  out  that  minimizing 
both  adaptation  and  training  time  is  an  important  and  challeng¬ 
ing  issue  for  many  military  applications 

Significant  progress  has  been  made  in  the  development  of 
audio  signal  analysis,  voice  input,  message  sorting  and  auto¬ 
matic  gisting  technologies.  Although  several  technologies  look 
promising  for  providing  automatic  sorting  and  gisting  capabili¬ 
ties  for  military  applications,  these  technologies  can  not  meet 
todays  requirements.  However,  the  use  of  these  technologies  in 
combination  offers  a  potential  solution  to  improving  jjerfor- 
mance  to  an  acceptable  level  for  use  in  the  field. 

In  order  to  provide  these  speech  processing  capabilities  to  the 
field  for  test,  evaluation,  and  operation,  an  increase  in  process 
ing  power  per  size,  weight  and  cost  is  required.  Therefore,  the 
development  of  very  high  sjjeed  speech  processors  that  can  pro¬ 
vide  the  processing  power  to  support  multiple  speech  functions 
and  channels  is  essential  if  these  technologies  are  to  meet  mili¬ 
tary  requirements  and  be  economically  transitioned  to  both  air¬ 
borne  and  ground  operations. 


SPEECH  ENHANCEMENT 

NOISE  REDUCTION  18dB  30  dB 

SPEECH  COMPRESSION 

BITS  PER  SECOND  2400  50-400 

JAM  RESISTANT  FACTOR  2  1 0  TO  1 00 

I'ig  9  SixTch  T«:luK)logy  Capal)illlir.s  Today  &  iIk-  CTialIrngp  for  llie  liituiv 
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III.  Abstracts  of  Publications 


A.  SURVEILLANCE 


TERRAIN-SCATTERED  JAMMING 
CANCELLATION  EXPERIMENT  -  JUNE 
1991 

C,  R.  Clark,  D.  N.  Wcxxls,  Technology  Service  Corporation 

D.  Hildebrand,  K.  Zyga,  Rome  Laboratory.  Surveillance  & 
Photonics  Directorate 

Abstract  -  Lookdown  airborne  radars  are  highly  suscepitble  to 
deliberate  or  inadvertetit  ground-scattered  jatnining  itilo  the 
radar  tnainbeatn,  a  threat  against  which  spatial  nulling  tech- 
tiiques  are  ineffective.  Algoritluns  liave  been  proposed  tocaticel 
the  scattered  janitning  via  its  correlations  with  the  direct  path 
sigtial.  This  paper  reports  on  a  ground-based  experitnetit  coti- 
ducted  to  collect  scattered  jamming  data  for  the  validatioti  of 
the  caticeller  algorithtns.  Results  of  tneasurctnents  and  caticel- 
ler  pt'rfonnance  are  presented. 

37th  Annual  Tri-Service  Radar  Symposium,  25-27  Jtin  1991, 
Boulder  CO. 


THE  CART  CONFORMAL  ARRAY 
DEMONSTRATION 

J.  J.  Scliuss,  J.  Child,  E.  Geyh,  A.  Glickman,  J.  Upton,  Raytheon 
Company 

G.  Plolz,  Rome  Laboratory,  Surveillance  &  Photonics  Director 
ate 

'  astract  Presetited  here  is  the  design  of  the  CART  (Confor 
mal  Array  Radar  Technology)  demonstration  array  Ix-ing  built 
to  prove  out  the  technology  necessary  for  thin,  confomial,  low 
sidelobe  phased  arrays  suitable  for  integration  into  the  skin  of 
an  aircraft  This  array  is  based  upon  several  novel  features,  in 
eluding  a  combined  radiator/  module  ("antennule")  architec 
turc,  a  phase  amplitude  compen.saling  rf  beamfonner,  a  high 
perfon nance  dual  polarized  patch  radiator,  and  a  control  system 
lh.it  [vnnits  inilividiial  access  and  calibration  of  each  I'/R  iikhI 
ule  l  lie  combining  of  these  elements  into  an  antenna  that  ad 
dresses  key  confomial  array  issues  will  lx-  discussed 

37ih  Annual  Tri  .Service  Radar  Symposium,  25  27  Jun  1992, 
Boulder  CO. 


BROADBAND  MULTISPECTRAL  PASSIVE 
SURVEILLANCE/TARGET  ID 

Rolx^rt  E.  Ogrotlnik,  Rome  Laboratory,  Surveillance  &  Photon¬ 
ics  Directorate 

Abstract  -  This  paper  w  ill  address  the  development  of  an  adap¬ 
tive  passive  sensor  system  and  its  technologies  which  are 
founded  on  all  spectmm  awareness  noncoopierative  bistatics 
which  employs  full  spectrum  monitoring  of  both  the  electro¬ 
magnetic  environment  (ambient  noncooperative  illuminators, 
clutter  and  ECM  specinims)  and  broadband  target  signal  spec- 
tnims  which  have  the  potential  for  supporting  target  identifica¬ 
tion.  Tliis  sensor  technology  adaptively  responds  to  the  exploit¬ 
able  environment  for  optimized  illuminator  selection/bistatic 
hosting,  interference  cancellation/rejeclion  and  extended  per¬ 
formance  for  small  target  detection/tracking  in  a  multiple- 
mixed  target  and  complex  ECM  environment.  This  adaptive 
multimoiie  bistatic  technology  will  automatically  adjust  to  the 
changing  spectral  environment  by  sensing  environmental 
changes  and  reacting  through  modifications  in  frequency,  Ire.am 
angle  and  lime  domain  processing,  and,  illuminator  selective 
switching,  adaptive  processing  and  interference  nulling  tech¬ 
niques.  These  developments  will  create  a  broadband,  automati¬ 
cally  response  sensor  system  self  contained  in  the  bistatic  re¬ 
ceiver/processor  on  atlaptive  broadband  passive  phased  array 
antenna,  exploiting  extenial  noncooperative  illuminators  by 
employing  full  spectmm  awareness  monitoring  and  spectmm 
pulse  sorting.  These  developed  techniques  will  be  implemented 
in  the  E.SM/Bistalic  Testbed  which  resides  in  the  RADC/OC 
Surv'eillance  Laboratory.  This  implementation  will  allow  the 
collection  of  a  test  database  for  techniques  develop  pur|.xDses.  It 
w'ill  also  supixart  perfonnance  validation  testing  against  non- 
cooperative  illuminators,  environments  and  target  flight  sorties. 
Test  validations  will  be  based  on  [x'rfomiance  model,  test  plans, 
and  evaluation  criteria  developed  in  this  program. 

4lli  National  SymiKisium  on  Sensor  Fusion,  Apr  91,  Orlando 
I-L 

SINC;LE-FREQI  ENCYTWO 
DIMENSIONAL  DOPPLER  IMAGING 

live  H  W  L'lmmers,  Richard  A  Marr,  Rome  Lilxiraiorx  ,  Elec 
irom.ignetics  Reli.ibility  Directorate 

Abstract  Using  a  unique  fonn  of  target  action,  two  tliinen 
sional  images  of  the  l.irget  are  generated  by  a  single  frequency 
CW  radar  This  |)lus  the  limited  range  of  asix-ct  angles  required 
for  imaging  [ilaces  fewer  constraints  on  the  target  than  other 
known  ineilHxIs,  Dojipler  shift  induced  by  target  rotation  has 
IxH'ii  widely  studied  in  the  literature  for  its  imaging  [xitenlial 
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Rallu’r  lliaii  nitalii'ii,  wo  invoslipato  lioro  a  tarf.ot  motion  roini 
nisconi  ol  llio  procossion  of  a  rolatitip  iKxly.  If  larpol  imaposaro 
poiiomtod  with  tho  radar  Itx'kii. ;  alonp  iho  procossion  axis,  tho 
follow  inii  Ix'iiolils  accino:  a  sinpio  wavolonplli  radar  imapinp  a 
laroi'l  at  nuilliplo  anplos  txMw  ooti  pnx'ossicMi  axis  and  tarpol  axis 
is  oi|nivalont  to  a  mniti  wavolonptli  radar  imapinp  at  a  sinplo 
anpio  only;  two  dimonsional  tarpots  snffor  no  shadowinp;  ra.al 
tor<-rs  noi'd  ixily  lx*  isotri'pic  rorailiators  over  a  litnilod  ranpo  ol 
anpk-s,  tarpot  rostrictioiis  duo  to  linear  jxilari/ation  of  the  radar 
siptial  arc  alltwialod.  'I'lioso  and  olhor  featuros  of  tho  mothcxl  aro 
doinonstratod  by  imapinp  siimilatoil  ixaint  tarpot  sconos. 

Antontias  aiul  I’ropapalion  Socioty  .SymiKismtn  Oipost,  Juno 
I‘W1,  Univorsity  of  Wostom  Ontario,  Ixmdon  Ontario  Canada. 


OFriMAL  SlIBPIXEL-LEVEL  IR 
ERAME-'IO-ERAME  REGISTRATION 


M.  I  'omaiidoz,  A.  Aridpidos,  and  I).  Randolph,  G.F..  Ocean  and 
Radar  Systems  Division 

D.  Ferris,  Romo  I-alxjratory,  Surveillance  &  Photonics  Diroc 
torato 


Abstract  -  CniTont  image  registration  approaches  tend  to  o^x'r 
ate  inde[x>ndontly  on  eacli  of  the  frames  of  data  that  are  to  lx* 
ropislered,  significantly  degrading  perfonnance.  In  our  ap 
(mxich,  however,  all  the  frames  aro  matched  simultaneously  to 
a  reference  frame,  thus  utilizing  in  a  global  matiner  the  itifomia 
tion  contained  in  all  of  them.  It  is  shown  that  this  approach,  op 
timal  in  the  minimum-variance  simse,  provides  imjxartant  regis¬ 
tration  gains  over  curretit  procedures.  The  problem  of  register 
mg  multiple  frames  of  data,  ideally  at  the  subcell  or  subpi.xel 
level,  cati  lx*  encountered  in  applications  spaiininp  the  whole  in 
dustrial,  medical,  and  milit.ary  worlds.  For  example,  image 
quality  is  im[)roved  by  removing  the  jitter  introduced  by  the 
motion  of  the  imaging  platfonn.  Likewise,  precise  alignment  of 
frames  of  data  collected  over  time  or  across  setisors  enables  the 
effective  extniction  of  the  infonnation  they  cotitaiti.  Fitially,  the 
registration  parameters  themselves  provide  the  ability  to  obtain 
large  data  compression  gains  by  enabling  the  storage  of  a  tmm 
Ix'r.of  data  frames  in  tenns  of  a  si-t  of  mappings  affecting  only 
one  of  them  An  excellent  overview  of  the  importance  aiul  ap 
plicability  of  effective  data  registration  algorithms  continues  to 
Ix'  Iluatip’s* 


Sl’IF  .Signal  atid  Data  Processitig  of  Small  Targets  1991 


A( 'CURACY  OF  THE  REFLECTED  IR 
SKINA'I  IJRE  COMPONENTS  IN  OFI  ASM 

Ion  .S.  Jones,  Rome  Dalxiratory,  .Surveillance  A  Photonics  I)i 
rc‘ctorati‘ 

Dr  ( 'harles  Acqiiisla,  PAR  Govenitnenl  Systems  Corp. 

Al>sti-ict  The  Ohical  TArgel  Signature  Model  (OFFASMl  is 
a  first  principles  computer  cotle  written  in  FORTRAN  77  for 
(ireilictitig  the  apparetit  radiance  of  military  vehicles  (e.g.,  air 
cralt,  missiles,  surface  shiiw,  tanks,  etc.)  in  infrared,  visible,  and 
laser  s|H'ctral  bands.  ORFASM  w.as  designated  to  allow  accu 
rate  com|nitations  of  the  etiergy  reflected  from  and  emitted  by 
the  outer  surfaces  of  a  target  vehicle,  including  reflected  sun¬ 
shine,  earthshine,  skyshine,  and  Laser  illumination.  It  h.as  been 
applied  to  optimize  the  design  of  controlled  signature  vehicles, 
and  to  guide  the  design  of  IR  surx'eillance  systems  for  detecting 
dim  targets. 

This  |ia|x-r  addres.ses  the  algorithms  used  to  manipulate  the  Bi¬ 
directional  Reflectance  Distribution  Function  (BRDF)  th.at  de- 
scnlx-s  the  reflectance  propt'rties  of  the  outer  surfaces  of  target 
vehicles.  Techtiiques  for  extetiding  measurements  to  fonn  a 
complete  BRDF  data  base,  atui  using  this  data  base  to  predict 
the  IR  signature  of  aircraft  and  missiles  will  lie  discussed. 

Ol’T.ASM  is  one  of  the  first  signature  morlels  that  attempt  to  in- 
trixluce  surface  curvature  into  the  computation  of  IR  radiance. 
The  algorithms  geometrical  algorithms  for  computitig  curva¬ 
ture  from  a  flat  facet  model,  and  the  optical  algorithms  for  the 
efficient  computation  of  reflections  from  the  curved  surfaces 
w  ill  also  lx-  descrilx'd. 

IRI.S  .Sym(xx;ium  on  Targets,  BackgrouiuLs  and  Discriminatioti, 
.Sanilia  National  Lalxiratories,  Albuquerque,  NM,  29,  30,  31 
January  1991 

INFRARED  SENSOR  SIMULATION 

Jon  S.  Jones,  Rome  Dalx^ratory,  Surveillance  &  Photonics  Di¬ 
rectorate 

Alistract  An  infrared  sensor  simulation  is  currently  Ix'ing  used 
to  proviile  a  stand  alone  sensor  analysis  capability  lor  evalua 
tion  of  intr.ired  sensor  concepts.  The  simulatioti  encompasses  a 
bro.id  range  of  electro  optical  sensors  including  search  and 
track  systems.  The  simulatioti  retpiires  a  wide  range  of  inputs 
including  infonnation  on  the  scenario,  target,  simsors,  and  the 
atmospheric  condition.s.  It  takes  all  this  itifomi.ation  and  |x‘r 
fonns  an  end  to  end  engagetnetit.  The  tyjx*  of  calculations  |x'r 
tunned  by  the  simulation  are  basml  on  first  principle  nuxlels 
Many  valid  assum|)li<'tis  have  Ixvti  made  iti  the  devdopment  of 
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this  computer  program  so  as  to  easily  perform  sensors  scenario 
type  engagements  without  taking  hours  of  CPU  time.  The  pro¬ 
gram  is  written  in  FORTRAN  and  is  currently  in  operation  on  a 
PC  AT  computer  using  the  DOS  operating  procedures.  This 
paper  will  focus  on  the  basic  principles  used  in  the  simulation 
along  with  a  description  of  how  each  input  is  described.  A  sam¬ 
ple  computer  nin  will  be  developed  and  typical  outputs  will  be 
presented.  A  description  of  support  programs  used  to  develop 
inputs  to  this  simulation  will  also  be  described. 

1991  Summer  Computer  Simulation  Conference  (SCSC  91) 
Baltimore,  MD  July  22-24,  1991 

OPTASM  MULTICOLOR  SPATIAL  IR 
SIGNATURES  FOR  INPUT  TO  SENSOR 
RJSION  PROCESSORS 

•Ion  S.  Jones,  Rome  Laboratory,  Surveillance  and  Photonics  Di¬ 
rectorate 

Abstract  -  Rome  lab  has  undertaken  the  research  leading  to  the 
development  of  an  infrared  sensor  system  to  perfonn  detection 
and  track  of  targets  at  long  ranges.  The  infrared  sensor  system  is 
expected  to  be  a  dualband  (multicolor)  sensor  system  focusing 
on  the  mid-w  ave  and  long  wave  infrared  bands  and  sub-bands 
there  of  Multicolor  data  fusion  involves  the  fusion  of  several 
infrared  wavebands.  This  process  may  be  perfonned  either  at 
the  infrared  sensor  system  processor  level,  or  at  a  central  fusion 
processor,  fusing  many  sensor  results  together.  This  paper  will 
focus  on  predicting  the  hardbody  (no  pKune)  infrared  signatures 
of  threat  targets  using  the  Optical  Target  Signature  Model  (OP¬ 
TASM)  code.  Infrared  target  signatures  for  three  different  tar¬ 
gets  using  four  separate  wavebands  will  be  developed.  Both 
source  and  apparetit  signature  measurements  will  be  made  at 
seveml  target  aspect  angles.  The  target  signatures  will  then  be 
analyzed  and  unique  features  will  be  sought. 

OFIASM  has  been  developed  for  calculating  the  signature  of 
targets  such  as  missiles  and  aircraft  in  either  infrared  or  visible 
bands.  OPTASM  addresses  only  the  "Itard  body"  components 
of  a  vehicle  signature.  It  requires  inputs  concerning  the  shape 
and  optical  properties  of  the  target,  the  parameters  of  the  sensor, 
the  geometry  of  the  engagement  (including  the  position  and  ve¬ 
locity  of  the  target,  the  sensor,  and  any  external  source  of 
illumination  like  lasers),  and  the  slate  of  the  atmosphere.  These 
inputs  are  used  to  perfonn  detailed  calculations  for  five  signa 
lure  components:  thennal  skin  emi.ssioti,  reflected  sunshine, 
la.ser  rellections,  reflected  eartlishine  and  reflected  skyshine.  An 
IR  Target  Signature  Database  (IRTSD)  has  been  develo|)ed  to 
provide  the  IR  target  signatures  required  to  accomiilish  the  re 
search  Iving  (x>rfonned  in  support  of  the  mission.  The  IRTSD 
allows  fast  access  to  accurate  high  spatial  resolution  images  ol 


threat  targets.  The  operation  of  OPTASM  will  also  be  addressed 
in  the  paper  along  with  associated  database  of  target  vehicles. 

4th  National  Symposium  on  Sensor  Fusion,  3  April  1991,  Or¬ 
lando,  FL 

OPTASM  SPATIAL  IR  SIGNATURES  OF 
TACTICAL  TARGETS  FOR  AIR  DEFENSE 
MISSIONS 

Jon  S.  Jones,  Rome  Laboratory,  Surveillance  &  Photonics  Di¬ 
rectorate 

Abstract  -  The  Optical  Target  Signature  Model  (OPTASM)  has 
been  developed  for  calculating  the  infrared  signature  of  targets 
such  as  missiles  and  aircraft.  OPTASM  addresses  only  the 
"hard  body"  components  of  a  vehicle  signature.  The  OPTASM 
computer  code  along  with  plume  and  atmospheric  computer 
codes  have  been  used  to  generate  a  data  base  for  sensor  analy¬ 
sis.  Tliis  data  base  called  the  Infrared  Target  Signature  Database 
(IRTSD),  has  been  used  for  clutter  rejection  and  signal  process¬ 
ing  algorithm  development. 

IRIS  Symposium  on  Targets,  Backgrounds  and  Discrimination, 
30  Jan.  1991  Albuquerque,  NM 

SIMULATION  OF  BISTATIC  RADAR 

Stanley  E.  Borek,  Rome  Laboratory,  Surveillance  &  Photonics 
Directorate 

Abstract  -  This  paper  discusses  a  simulation  and  modelling  of 
bistatic  radar,  ie  ,  a  transmitter  and  a  receiver  that  are  not  collo¬ 
cated.  The  focus  is  on  the  inherent  flexibility  necessary  to  allow 
the  simulation  tool  to  adequately  address  any  reasonable  num¬ 
ber  of  bisiatic  radar  configurations/concepts  tliat  are  of  interest 
to  the  analyst.  These  include  ground-based,  airborne,  space 
borne  systems  and  any  combination  thereof. 

Tlie  driving  requirement  of  such  a  simulation  capability  is  the 
development  of  ati  accurate  design  tradeoff/analysis  tool  to  as¬ 
sess  the  perfomiance  of  these  systems  w  ith  res)x?ct  to  such  areas 
•as  target  and  clutte’’  scattering  of  RF  (radio  frequency)  energy 
due  to  the  vary  ing  observation  geometries  that  are  possible 
Thus  exacting  considenilion  is  given  to  mixlelling  of  ihe.st*  scat 
tenng  phenomenologies,  along  with  the  concerns  of  target  co 
herence  effects  ami  bistalic  radars  functioning  in  the  pulse 
doppler  nuxle. 

The  simulation  lvx)l  that  addres.ses  these  concerns  is  the  Histatic 
Radar  Simulation  (BRADS)  Tlie  main  features  of  this  Simula 
lion  are  tlexibility  and  generality  Discussion  shall  center 


.iioiiikI  i!ic  pMramcti'r;  avail, iMi*  in  RRADS  to  ik-fiiu'  a  siirvcil 
lame  sa'iiario  fur  sinuilalion  via  comiMilcr  sdflwanv  'I’lifsc  |i.i 
ranu-ii'is,  aiul  tlivir  opiions,  allow  for  varyitip  dogroos  of  para 
iiu'lriv  .'inalysis  to  lx*  accoinplislu-d.  Histalic  radar  p:iramelors  to 
Ix'  disciLssi'd  will  addri'ss:  clnltor  s|X‘clm  duo  to  roprosoni.'iiioii 
i't  cliitlor  by  difforont  mrxiols,  ainbipnily  fiinclions,  wavofonii 
soloction,  doU'clion  probability,  antentvi  paltoms/iiKxIols,  j)ro 
cossinp  orrors,  tarpol  attributes,  j.anitning  (if  applic.ablo),  Irajoc- 
lorios,  ty  ix-s/inotbods  of  rostiltaiit  data  prosontatioti  /output,  etc. 
Tho  capability  of  HltADS  will  lx*  illustrated  by  means  of  a  po 
noric  example  for  an  airborne  traivstnitter/airlxjme  receiver  bi- 
static  nular  conlipiinition  with  par.ametric  analysis  results  pre 
sented/discusseil  for  several  selected  parameters  of  interest  in 
tbe  radar  community. 

Proceedings  of  the  IWI  Summer  Computer  Simulation  Con 
ference,  22  -  24  July  1091,  Baltimore,  Maryland. 

AIRBORNE  BISTATICS 

kolx'tl  P'.  Ogrodnik,  Rome  Lalwratory,  Surveillance  &.  Photon¬ 
ics  Directorate 

Abstract  -  'Phis  pajxT  addresses  the  technical  issues  .aiul  solu¬ 
tion  approaches  for  noncooperalive  coliereiu  airborne  bist.atics. 
The  presented  technology  and  designs  have  Iven  validated,  in 
part,  by  either  field  tests  or  test  validated  simulatioti  studies, 
thereby  eslablishitig  credible  soluliotis  for  this  difficult  look- 
down,  moving  siirveillatice  application. Tt'rantot'ot  technical 
challenges  which  are  addressed  include  lookdowii  nottcoopera- 
live  illuminator  selection  and  bistalic  synchrotiization  from  a 
moving  reference  fratne  system,  motion  modul.ated  clutter  can¬ 
cellation  techniques  and  their  controls,  spurious  multi 
patli/anomalous  target  return  discrimitiation  and  rejection,  and 
target  registratioiv/track  maititenance  duritig  multiple  illumin¬ 
ator  static  exploitation  and  switching. 

The  technical  approach  achieved  in  these  developments  is 
ba.sed  on  coherent  tioncooijer.ative  bistatics,  employing  novel 
detection  and  signal  processing  which  insures  target  registration 
iirstatitaneously  at  the  signal  detection  level,  with  target  regis- 
tnition  established  for  three  siniultaneously  indepetKlent  ob 
siTvables,  which  are;  range,  velocity,  and  angular  position.  The 
cross-correlation  signal  processing  approach,  which  exploits  di 
reel  path  sampling  of  a  noncooperative  bistatically  ho.stable 
illuminator,  provides  match  filter  wavefonn  pnxessing  which 
itisures  pulse  compression  signal  processing  gain  even  in  v.iri 
able  illuminator  switching  selection  conditions.  A  bro.ulband 
multioctave  passive  ptiased  array  antenm  is  employed  in  sup 
|x>n  of  signal  s,ampling/exploitation  diversity  over  an  extreme 
carrier  frequency  domain.  This  satne  antenna  supports  bislat  ic 
space-time  processing  technology  for  ch’ller  suppression  and 
minimi/.aliun  of  motion  induced  processing  losses.  'Ilie  bistalic 
space-lime  techniques  employerl,  .as  well  .as  clutter  cancellation 
results  will  lx*  included.  These  approaches  are  unique  and  pri> 
vide  significant  clutter  suppression  in  a  varying  bi  static  sur 


veillance  geometry  silualion.  .Simulated  results  for  target  delee 
lion/lracking  which  peiform.ance  measures  such  as  Minimal 
Discernible  VVlocily  (MDV)  and  Minimal  Detect.able  .Signal 
(MDS)  in  the  ambiguity  surface  (range  doppler)  domain  are 
also  given  I'or  different  tlesign/approach  strategies.  Tile  applica 
lion  of  this  technology  to  Airlxanie  l’.arly  Warning  |)lalfonns  is 
incliideil  in  the  fin.il  section. 

.<7tli  Annual  Tri-Service  Radar  SyiniKJsium,  Jun  91, 1'eierson 
AMJ,  Colorado  Sjirings,  CO 

RECONFIGIIRABLE  RADAR 

Rolx'ti  r.  Ogrixlnik,  Rome  Dalxaratory,  .Surveillance  &  Photon¬ 
ics  Directorate 

Alistract  -  This  pa|x'r  ,'uldres.ses  the  technical  approach  and  per- 
fonnance  merits  of  a  sensor  with  the  features  of  reconfigurable 
o|x‘ration.  The  range  of  reconfigurability  is  p.assive  oix*ralion  to 
.active  oix'ration.  In  the  passive  mode,  the  sensor  oix-rates  in  ei¬ 
ther  a  coherent  noncooperative  bistatic  manner  or  an 
ESM/ELINT  manner.  In  this  .active  mode  the  sensor  is  w.ave- 
fonn  and  angle  .agile,  with  agility  p.arameters  selected  for  opti¬ 
mized  clutter  rejection  and  energy  on  target  enh.ancements  for 
improved  monosl.atic  delection/tracking  perfonnance.  Mode 
selection  is  based  on  monitoring  the  environment  on  a  seclor- 
to  sector  basis  where  clutter/j.ammer  interference  monitoring 
can  initiate  counter  waveform  operation  or  p.assive  frequency- 
angle  ev.asive  opt'ralion.  The  monitoring  element  at  all  times  is 
an  E.SM  sensor  which  is  integrated  into  the  system  by  sh.aring  a 
common  phased  anay  antenna  with  the  passive/.active  subsys¬ 
tems.  The  signal  processor  continually  reconfigures  doppler 
processing  methods  and  range  processing  algorithms  (such  .as 
adaptive  constant  false  alarm  ratio  (CPAR)  algorithm)  for 
wavefonn  match  filter  [rrocessing  and  processing  gain  optimi¬ 
zation.  The  clutter  cancellation  CFAR  is  .adaptive  to  clutter  dis¬ 
crete  environments.  In  the  bistalic  mode,  the  signal  processor 
involves  coherent  cross-correlation  exploiting  a  direct  path 
sample  of  the  bistatically  exploited  noncooperative  illumiti- 
ator/cross  correlation  against  target  echo  returns.  Iliis  approach 
insures  match  filter  openition  foratiy  noncooperative  wavefonn 
selected.  Hie  E.SM  monitor  chooses  bistalic  illumination  basetl 
on  blind  six^ed  anil  ambiguous  range  criteria,  as  well  as  bislattc 
geixneirv  impacts  on  target  doppler  visibility  and  bistalic  Inick 
ing  iH'ifonnance  factors. 

This  pajx'r  presents  results  of  field  tests  and  several  design  ojr 
tions,  as  well  as  application  ideas  in  sup|x>n  of  suivivable  tacti 
cal  sensor  [xM  lonnance 

.t7th  Annual  Tri  .Set vice  R.rdar  .Sym|H>siuin.  Jun  9|,  peieiNoii 
AITJ,  Colorado  .Springs,  CO 
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ABSOLUTE  PHASING  OF  SEGMENTED 
MIRRORS  USING  THE  POLARIZATION 
PHASE  SENSOR 

Herbert  W.  Kluinpe  III,  Barbara  A,  Lajza-Rooks,  Rome  Labo 
ratory.  Surveillance  &  Photonics  Directorate 
lames  Bliun,  W.  I.  Schafer  Assoc. 

Abstract  -  The  Polarization  Phase  Sensor  (PPS)  is  a  white  light 
polarization  shearing  interferometer  which  has  successfully 
demonstrated  absolute  mirror  segment  alignment  in  the  Rome 
Laboratory  Optical  Systems  Engineering  Laboratory.  Operat¬ 
ing  at  the  center  of  curvature,  the  PPS  demonstratioti  has  been 
configured  to  perfonn  closed-loop  phasing  of  a  three  segment 
spherical  mirror.  The  PPS  may  be  adapted  for  use  with  other  op¬ 
tical  systems,  including  aspheric  surfaces.  PPS  device  Simula 
tion  and  testing  have  verified  this.  This  paper  will  address  the 
optical  layout  of  the  device,  experimental  testing,  and  the  re¬ 
sults  of  subsequent  analysis. 

Analysis  of  Optical  Structure,  July  1991,  San  Diego,  CA.  Proc. 
SPIE  1532. 

ABSOLUTE  PHASING  OF  SEGMENTED 
^«RRORS  USING  THE  POLARIZATION 
PHASE  SENSOR  (summary  of  presentation) 

Herbert  W.  Klumpe  III,  Barbara  A.  Lajza-Rooks.  Rome  Labo 
ratory,  Surveillance  &  Photonics  Directorate 
James  Blum,  W.  J.  Schafer  Assoc. 

Abstract  -  The  Polarization  Phase  Sensor  (PPS)  is  a  white  light 
polarization  shearing  interferometer  which  has  successfully 
demonstrated  absolute  mirror  segment  alignment  in  the  Rome 
Laboratory  Optical  Systems  Engineering  Laboratory.  Operat¬ 
ing  at  the  center  of  curvature,  the  PPS  demonstration  has  been 
configured  to  perfonn  closed-loop  phasing  of  a  three  segment 
sphencal  mirror.  Tlie  PPS  may  be  adapted  for  use  with  other  op 
tical  systeiiLs,  including  asphenc  surfaces.  PPS  device  Simula 
tion  and  testing  have  verified  this.  Tins  summary  will  review 
the  o[^)eration  and  (x*rfonnance  capabilities  of  the  PPS 

Technical  Digest  on  Space  Optics  for  Astrophysics  and  Earth 
and  Planetary  Remote  Sensing,  1991,  Optical  Society  of  Ainer 
ica,  Nov.  1991,  Williamsburg,  VA,  Vol.  19. 


ABSOLirrE  PHASING  OF  SEGMENTED 
MIRRORS  USING  THE  POLARIZATION 
PHASE  SENSOR 

Herlx?rt  W.  Kluinpe  III,  Barbara  A.  Lajza-Rooks,  Rome  Labo¬ 
ratory,  Surveillance  &  Photonics  Directorate 
James  Blum,  W.  J.  Scliafer  Assoc. 

Abstract  -  The  purpose  of  this  paper  is  to  discuss  a  unique  opti¬ 
cal  instniment  which  uses  polarized  white  light  to  accomplish 
absolute  mirror  segment  phasing.  The  Polarization  Phase  Sen¬ 
sor  (PPS)  is  a  polarization  shearing  interferometer  which  uses 
two  Woli.aston  prisms  to  create  and  shear  two  wavefronts  of  or¬ 
thogonal  polarizations.  A  third  Wollaston  prism  creates  a 
knowi)  tilt  between  these  w'avefronts.  By  modulating  the  set  of 
interferometric  fringes  fonned  by  the  reflection  of  these 
wavefronts  off  a  test  optic  (segmented  mirror),  an  analysis  of 
the  segment  misalignment  can  be  jjerformed.  A  closed  loop 
control  experiment  has  demonstrated  that  this  device  is  capable 
of  actively  phasing  a  three  segment  spherical  mirror.  This  paper 
describes  the  instrument,  the  proof  of  concept  demonstration, 
the  results  of  this  experiment,  and  how  this  instrument  may  be 
used  with  different  types  of  mirrors,  such  as  aspheres. 

Technical  Digest  on  Space  Optics  for  Astrophysics  and  Earth 
and  Planetary  Remote  Sensing,  1991  (Optical  Society  of  Amer¬ 
ica,  Washington,  D.C.,  1991),  Vol.  19 

ADAPTIVE  MUXTIBAND  POLARIZATION 
PROCESSING  FOR  SURVEILLANCE 
RADAR 

Russell  D  Brown,  Rome  Laboratory,  Surveillance  &  Photonics 
Directorate 

Hong  Wang,  Department  of  Electrical  Engineering,  Syracuse 
University 

Abstract  -  Frequency  diversity  is  shown  to  improve  detection 
perfonnaiice  of  adaptive  radar  processing  in  the  polarization 
domain  Mtihiband  processing  increases  the  quantity  of  data 
available  for  covariance  estimation  of  clutter  which  is  often  in¬ 
homogeneous  in  range.  The  diversity  improvement  under  an 
equal  trairsmit  energy  constraint  is  greater  for  adaptive  proces¬ 
sors  than  that  obtained  in  optimal  processors  which  operate 
with  known  statistics. 

IEEE  International  Conference  on  System  Engineering,  Aug 
91,  Dayton,  OH. 


B.  COMMUNICATIONS 


PERFORMANCE  OF  A  DEMONSTRATION 
SYSTEM  FOR  SIMULTANEOUS  LASER 
BEACON  TRACKING  AND  LOW  DATA 
RATE  OPTICAL  COMMUNICATIONS 
WITH  MULTIPLE  PLATFORMS 

Paul  ].  Oleski,  Rome  Laboratory,  Commatid,  Control,  &  Com¬ 
munications  Directorate 

R.  C.  Sliort,  M.  Cosgrove,  and  D.  L.  Clark,  Kodak 

Abstract  -  A  high  speed  area  array  detector  has  been  used  as  the 
basis  for  a  proof-of-concept  system  which  simultaneously 
tracks  and  receives  data  from  multiple  asynchronously  modu¬ 
lated  laser  beacons.  Such  a  system  has  applications  in  space  op¬ 
tical  communications  network  management,  in  which  a  tenni- 
nal  needs  to  track  and  maintain  status  information  on  several 
satellites  to  facilitate  rapid  switching  of  a  high  data  rate  optical 
link  among  those  satellites. 

Tire  proof-of-concept  system  tracks  3  laser  diode  beacons  usitig 
sophisticated  windowing,  centroiding  and  Kalman  filtering  al¬ 
gorithms.  Simultaneous  tracking  and  communications  are 
achieved  with  as  little  as  I  picowatt  of  power  on  the  detector 
even  in  the  presence  of  high  and  non-uniform  backgrounds.  Tlie 
tracking  as  well  as  clock  and  data  recovery  algorithms  are  im¬ 
plemented  with  a  combination  of  sjrecially  developed  digital 
signal  processing  electronics  and  software.  Perfonnance  has 
exceeded  program  goals.  With  beacon  powers  of  1  picowatt  or 
less  on  the  detector,  the  system  tracks  with  fractional  pixel  ac¬ 
curacies  and  recovers  data  at  I  kilobit/sec  with  low  bit  error 
rates  Tracking  is  maintained  for  beacon  iinages  which  pass  ar- 
bitninly  close  together.  Much  of  the  tracking  error  is  systematic 
and  correctable  with  additional  signal  processing. 

SPlp]  Ifroceedings  of  Free-Space  Laser  Communication  Tech¬ 
nologies  111,21  January  1991,  Los  Angeles,  California. 

A  SOLID  STATE  AMPLIHER  FOR  V-BAND 
SPACE  COM\HJMCATIONS 

Joseph  A.  Maiicini,  Rome  laboratory.  Command,  Control,  & 
Communications  Directorate 

Abstract  -  Tliree-tenninal  (transistor)  solid  state  device  tech 
nology  has  readied  a  level  of  capability  and  perfonnance  where 


realistic  alternatives  to  traveling  wave  tube  (TWT)  and  IM- 
PATT  diode  based  amplifiers  now  exist  at  V  band  frequencies. 
Available  device  technologies  such  as  MESFET,  PHEMT,  and 
JJBT  can  be  complimented  by  various  power  combining  tech¬ 
niques  such  as  chip  level,  module  level  planar,  corporate,  radial, 
and  spatial  to  realize  solid  state  alternatives.  It  can  be  shown 
that  combinations  of  such  technologies  and  techniques  can  pro¬ 
duce  5  watt,  class  A  and  AB  amplifiers  intended  for  driving 
communication  links  at  60  gigahertz.  Rome  Laboratory  (RL)  is 
currently  sponsoring  the  development  of  one  such  PHEMT 
based,  radially  combined  5  watt,  60  gigahertz  solid  state  ampli¬ 
fier  advanced  development  model  (ADM)  for  utilization  in  fu¬ 
ture  military  command,  control  and  communications  (C3) 
space  crosslinks. 

LOW  COST/VOLUME  SHF/EHF 
RECEIVERS 

William  G.  Cook,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Abstract  -  A  desire  for  more  man-portable  satellite  terminals 
has  arisen  from  the  conflict  in  the  Persian  Gulf.  Of  particular  in¬ 
terest  is  the  development  of  affordable  EHF  manpack  tenninals 
to  support  tactical  users  with  high  AJ/LPI  requirements.  The  Air 
Force  is  also  interested  in  reducing  the  cost  and  volume  associ¬ 
ated  with  their  airborne  EHF  terminals.  For  the  Space  segment, 
DARPA  is  currently  developing  a  lightweight,  cost  affordable 
EHF  tecluiology  base  for  implementation  on  "small"  satellites 
and  MILSTAR  is  considering  upgrades  to  tlie  liardware  for  their 
Restructuring  program.  TTie  Strategic  Defense  System  (SDS)  is 
looking  at  fairly  high  production  numbers  for  their  Space  plat¬ 
forms  and  the  communications  payload  has  severe  weight  lim¬ 
itations. 

Tliis  paper  provides  descriptions  of  a  20  GHz  receiver,  x4  up- 
converter  (w  ith  output  at  44  GHz),  and  a  44  GHz  spacecraft  re¬ 
ceiver  which  support  the  low  volume  and  cost  objectives  dis¬ 
cussed  above.  This  is  accomplished  through  the  use  of  ad¬ 
vanced  MMIC/MIC  components  and  low  volume  packaging 
techniques.  The  tradeoffs  involved  with  the  various  levels  of 
MMIC  and/or  MIC  integration  and  packaging  approaches  as  a 
function  of  system  requirements,  mitigation  of  cost,  and  overall 
lerminal/payload  constniction  are  discussed.  New  technology 
and  design  alternatives  are  put  forth  in  the  paper  as  recommen¬ 
dations  for  future  progr.ams  for  the  hardware  presented. 

Published  in  GOMAC  '91  Proceedings,  7  Nov  91 
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A  RULE-BASED  ANALYZER  WITH 
TEMPORAL  REASONING  FOR 
COMMUNICATION  PROTOCOLS 


MACHINE  INTELLIGENCE  FOR 
SURV  IVABLE  COMMUNICATIONS 
NETWORK  MANAGEMENT 


Charles  Meyer,  Rome  Laboratory,  Comniand,  Control,  &  Com¬ 
munications  Directorate 

Abstract  -  With  data  networks  growing  and  serving  less  sophis¬ 
ticated  users,  there  is  a  need  for  tools  which  facilitate  or  auto¬ 
mate  diagnosis  of  network  failures.  In  this  paper  we  describe  a 
rule-based  system  for  analyzing  communication  protocols.  Tliis 
system  employs  an  architecture  which  allows  the  diagnostic 
knowledge  for  a  particular  protocol  to  be  separate  from  the  rea¬ 
soning  mechanism.  The  protocol-specific  knowledge  is  held  in 
a  structure  we  refer  to  as  the  Protocol  Diagnostic  Model,  or 
PDM,  and  consists  of  a  set  of  associations  between  patterns  and 
actions.  A  diagnosis  of  a  network  failure  can  be  made  by  recog¬ 
nizing  certain  symptoms  from  observed  protocol  events.  These 
symptoms  are  detected  by  matching  representations  of  the  tem¬ 
poral  relationships  between  observed  events  against  the  pat¬ 
terns  in  the  PDM. 

"A  Rule-Based  Analyzer  with  Temporal  Reasoning  for  Com¬ 
munication  Protocols",  Charles  Meyer,  November  1991, 
MILCOM  ‘91,  McLean,  VA. 

ENHANCED  MULTINET  GATEWAY: 
SURVrVABLE  MULTI-LEVEL  SECURE 
DATA  COMMUNICATIONS 

Wladimir  Tirenin,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Abstract  -  Tlie  Enhanced  Multinet  Gateway  (EMG)  is  a  Multi 
Level  Secure  (MLS)  packet-based  gateway  being  developed  by 
Falcon  Communications  Corporation  under  contract  to  Rome 
Laboratory,  fomierly  Rome  Air  Development  Center.  It  will 
provide  secure  flow  of  data  from  a  single  or  multilevel  host  or 
network  to  another  host  or  network  opterating  at  an  equal  or 
higher  security  level.  The  EMG  will  interface  to  commercial 
and  DDN  x  .25-  based  Wide  Area  Networks  (WANs), 
Ethemet/802.3  Local  Area  Networks  (LANs)  ,  and  several 
ty[ies  of  point-to-point  transmission  equipment  including  TRI- 
TAC  This  paper  describes  tlie  functions,  capabilities,  and  seen 
rity  features  of  the  EMG. 

"Enhanced  Multinet  Gateway:  Survivable  Multi-Level  Secure 
Data  Communications,  Wladimir  Tirenin,  Novemlrer  1991, 
MnXOM  ‘91,  McLean,  VA 


Nick  Kowalchuk,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Abstract  -  The  development  of  communications  networking 
technologies  that  increase  the  survivability  of  services  provided 
to  military  users  has  been  an  important  goal  in  Air  Force  pro¬ 
grams  over  the  past  several  years.  This  enhanced  survivability 
IS  a  result  of  work  that  has  focused  on  two  areas:  the  develop¬ 
ment  of  more  robust  communication  equipnent,  and  the  devel¬ 
opment  of  a  management  system  that  coordinates  the  use  of  that 
equipnent.  This  paper  will  discuss  the  role  of  machine  intelli¬ 
gence  in  the  design  of  such  a  network  management  system. 
Emphasis  will  be  placed  on  the  intelligent  network  manage¬ 
ment  decision  making  capabilities  that  are  required  in  a  military 
environment,  and  the  design  trade-offs  which  must  be  made  in 
developing  a  system  that  can  optimize  the  system-wide  use  of 
resources  w  ithout  the  need  for  human  intervention. 

"Machine  Intelligence  for  Survivable  Communicatiotis  Net¬ 
work  Management",  Nick  Kowalchuk,  13-16  May  91, 
AGARD  Symposiiun,  Lisbon,  Portugal. 

ADVANCED  HP  DIGITAL  NETWORKS 

Nelson  Robinson,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Alistmct  This  paper  covers  ongoing  work  in  the  area  of  net¬ 
working  technology  enhancements  in  HF  communications  that 
are  currently  being  developed  by  Rome  Laboratory  under  con¬ 
tract  with  Harris  Corporation.  The  primary  focus  for  this  work 
that  applies  to  both  military  and  civilian  use  is  application  of  a 
totally  decentralized,  distributed  network  architecture  for  digi¬ 
tal  voice  and  data  communications  in  the  2-30  MHz  band. 
Small  nets  of  400  mile  radius  comprise  one  large  network  of 
4000  mile  radius,  with  up  to  100  network  meml^ers  at  any  time. 
Described  in  this  paper  are  improved  HF  networking,  LQA 
techniques,  LPD/LPE  wavefonns  for  OPSEC,  and  frequency 
management  in  a  frequency  hopping  (FH)  environment  A  PC 
^Kirlable  simulation  (INS),  user  manuals,  and  technical  report 
with  an  appendix  covering  the  cooperative  work  done  with 
USA  CECOM,  Ft  Montnouth,  NJ,  will  result  from  this  effort. 
The  INS  allows  a  user  to  specify  and  configure  any  netwotk  to 
meet  their  needs,  see  how  it  operates,  and  receive  a  prititout  of 
the  results 

"Advanced  HF  Digital  Networks",  Nelson  Robinson,  4-6  Sep 
temlier  1990,  Conferences  on  Electrical  and  Computer  Engi¬ 
neering,  Ontario,  Canada. 
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SURVIVABILITY  OF  TACTICAL 
COMMUNICATIONS  NETWORKS 
AGAINST  AN  INTELLIGENT  ADVERSARY 

John  B.  Evanow'sky,  Ph.D.,  Rome  Laboratory,  Command,  Con¬ 
trol,  &  Communications  Directorate 

Abstract  -  Work  in  the  United  States  Air  Force  to  develop  sur- 
vivable  communications  networks  builds  upon  a  foundation  of 
assessment  techniques  designed  to  quantify  their  vulnerability 
to  an  intelligent  adversary  based  on  susceptibility,  interceptibil- 
ity,  accessibility,  and  feasibility  analyses.  An  architecture  is 
being  developed  based  on  the  inherent  survivability  of  distrib¬ 
uted  processing  techniques.  This  architecture  will  map  the  ser¬ 
vices  required  by  theater  and  tactical  users  to  the  available  com- 
municaiions  infrastnicture  available  to  them  using  a  fully  inte¬ 
grated  voice,  data,  and  message  switching  fabric.  A  robust  pro¬ 
tocol  suite  is  being  defined  which  can  perform  under  the 
bandwidth,  mobility,  multi-transmission  media,  jamming,  de 
struction,  and  interoperability  constraints  that  characterize  the 
tactical  environment. 

1991  IEEE  Military  Communications  Conference,  Nov  1991, 
McLean,  Virginia 

EXPERIMENTAL  EVALUATION  OF 
INTELLIGENT  RECEIVER  DESIGN 
TECHNIQUES 

Ernst  K.  Walge,  Rome  Laboratory,  Command,  Control,  & 

Communications  Directorate 

Jeffrey  S.  Yalowitz,  SRS  Technologies 

Abstract  -  The  intelligent  receiver  concept  combines  heuristic 
methods  with  conventional  decision/estimation  theory  and 
modem  control  systems  methods.  Its  objectives  are  to  incotpo 
rate  awareness  of  electromagnetic  and  mission  envirorunenis 
into  communications  receivers  and  to  produce  robust  adaptive 
receiver  control  strategies  in  real  time.  An  automated  laboratory 
testbed  system  was  constructed.  Measurements  mad?  using  the 
testbed  have  demonstrated  enhancements  in  radio  receiver  ad¬ 
aptation  to  radio  channels  that  contain  fading  and  interference. 


Proceedings,  1991  MILCOM91  (Journal  Proceedings) 

COMPUTER  MODELING  OF  SPREAD 
SPECTRUM  NON-LINEAR  PROCESSORS 

John  J.  Patti,  Stephen  C.  Tyler,  and  Robert  M.  Husnay,  Rome 
Laboratory,  Command,  Control,  &  Communications  Director¬ 
ate 

Abstract  -  This  paper  describes  results  obtained  with  a  compu¬ 
terized  modeling  program.  The  program  is  designed  to  gener¬ 
ate,  modulate,  channel  emulate,  adaptively  process,  despread 
and  demodulate  spread  spectrum  communication  signals.  The 
adaption  refers  to  die  process  of  digitally  computing,  by  statis¬ 
tical  estimation  techniques,  the  channel  characteristics  consist¬ 
ing  of  interference  and  multi -path  cliannel  distortion  terms.  The 
processor  employs  both  time  and  frequency  domain  techniques. 
The  paper  will  present  our  initial  results  obtained  in  an  effort  to 
combine  linear  and  non-linear  adaption  techniques  as  an  ap¬ 
proximation  to  the  generally  non-linear  ideal  solution,  and  other 
methods  of  approximation  to  the  ideal  solution. 

Proceedings,  1991  MILCOM  Conference 

IDGIILY  INTEGRATED  RECEIVERS  FOR 
EIIF  SPACE  COMMUNICATIONS 

William  G.  Cook,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Abstract  -  Descriptions  of  a  20  GHz  ground/airbome  temninal 
receiver  for  dow'niinks,  a  44  GHz  receiver  for  spacecraft  up¬ 
links,  and  a  60  GHz  receiver  for  crosslinks  are  presented.  The 
tradeoffs  involved  with  the  various  integration  and  packaging 
approaches  as  a  function  of  overall  hardware  construction  and 
system  requirements  is  discussed.  The  device  technologies  of 
choice  are  examined  as  well  as  comparisons  between  MMIC 
and  hybrid  design  approaches.  Also,  new  technology  and  de¬ 
sign  alternatives  to  the  receivers  presented  are  put  forth  as  rec¬ 
ommendations  for  future  enhancements. 

Proceedings,  1991  MILCOM  Conference 
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C.  COMMAND  AND 
CONTROL 

RADC’S  ADVANCED  SIMULATION 
ENVIRONMENT  (RASE). 

Craig  S.  Anken,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Abstract  -  RADC’s  Advanced  Simulation  Environment 
(RASE)  is  an  object-oriented  toolset  designed  to  facilitate  rapid 
development  of  simulations  needed  to  suppwrt  Air  Force  Com¬ 
mand  and  Control.  RASE  currently  consists  of  an  object-ori¬ 
ented  simulation  language  (ERIC),  a  cartographic  database  sys¬ 
tem  (CARTO),  an  object-oriented  Map  Display  system  (MDS), 
and  several  other  development  support  tools  (RACK,  HIER, 
and  CLOCK  Viewer).  A  tactical  simulation.  Land  Air  Combat 
in  ERIC  (LACE),  is  being  developed  within  the  RASE  frame¬ 
work  and  will  be  utilized  in  a  testbed  environment  aimed  at  the 
validation  and  verification  of  decision  aid  results  (i.e.,  expert 
system  testing). 

Society  for  Computer  Simulation  (SCS)  Simulation  Series,  Jan. 
1 99 1 ,  Anaheim,  California. 

HEURISTIC  ROUTE  OPTIMIZATION:  A 
MODEL  FOR  FORCE  LEVEL  ROUTE 
PLANNING 

Lt  Janet  L.  Barboza,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Abstract  -  Effective  route  planning  is  essential  to  mission  ac- 
complishtnent  and  pilot/aircraft  survivability,  yet  many  factors 
inextricably  associated  with  flying  a  route  through  a  defended 
area  are  not  or  cannot  be  considered  by  techniques  currently 
being  used,  whether  manual  or  automated.  Heuristic  Route  Op¬ 
timization,  or  HERO,  is  an  exploratory  development  project 
managed  by  the  Advanced  Concepts  Branch  of  the  Rome  Air 
Development  Center  (RADC),  undertaken  to  produce  a  model 
for  automated  force  level  route  planning.  It  uses  Object  Ori¬ 
ented  Programming  techniques  to  make  the  aid  more  flexible 
and  dynamic  than  other  aids  or  manual  techniques.  HERO  pur 
sues  detailed  analysis  of  multiple  planning  variables  to  produce 
the  most  effective,  survivable  route  for  a  mission. 

HERO  produces  more  realistic  routes  because  it  considers  spe¬ 
cific  airframes  and  configurations,  as  well  as  taking  into  ac¬ 
count  the  implications  of  force  level  tactics.  HERO  considers 


the  effects  of  multiple  sorties,  threat  connectivity  and  alert  sta¬ 
tus,  environmental  variables,  and  other  route  planning  factors 
that  are  not  or  cannot  be  considered  by  techniques  currently 
available.  HERO  can  be  modified  to  reflect  current  threat  infor¬ 
mation,  changes  in  mission  configuration,  or  future  user  re¬ 
quirements.  The  dynamic  nature  of  HERO  (due  to  the  use  of 
object-oriented  techniques),  combined  with  the  type  and 
amount  of  infonnation  used  in  planning  routes,  allows  HERO 
to  suggest  flyable,  survivable  routes  that  more  closely  approach 
the  optimum  path  than  if  other  planning  methods  had  been 
used. 

The  paper  discusses  why  the  Air  Force  needs  HERO,  how 
HERO  was  developed,  the  lessons  learned  in  it’s  development, 
and  it’s  future  potential  for  operational  applications. 

AGARD  Conference  Proceedings  499,  Pub  Sept  91,  13-16 
May  1991 


Jeffrey  T.  Carlo,  Scott  M.  Bolen,  Capt  Chris  Belson,  Rome  Lab¬ 
oratory,  Surveillance  &  Photonics  Directorate 

Abstract  -  Located  at  Tyndall  Air  Force  Base  (AFB)  is  one  of 
the  nation’s  premiere  air-to-air  combat  training  and  weapons 
systems  evaluation  centers.  Tyndall  AFB  is  located  near  Pan¬ 
ama  City,  Florida  in  the  state’s  panhandle  region.  The  Tyndall 
AFB  Test  Range  covers  an  extensive  area  over  the  Gulf  of 
Mexico  and  includes  a  smaller  area  over  land.  The  US  Air 
Force  Air  Defense  Weapons  Center  (USAFADWC)  currently 
maintains  a  manual  range  control  system  that  coordinates  the 
air  operations  over  the  Test  Range.  Operators  of  the  8 1st  Range 
Control  Squadron  currently  use  analog  radar  scopes,  voice 
communications,  and  overhead  projectors  as  a  means  to  gather 
and  present  critical  infonnation  for  analysis,  evaluation,  and 
control  of  aircraft.  A  requirement  has  been  levied  by  the  Tactical 
Air  Command  to  upgrade  the  present  command  &  control  sys¬ 
tem  to  take  advantage  of  modem  data  integration  and  display 
techniques.  The  new  system  would  automatically  gather,  pro¬ 
cess,  display,  and  record  information  from  multiple  sensors  to 
fonn  a  complete  unambiguous  air  &  sea  situation  picture. 
Human  observations  from  aircraft  would  also  be  reported  to  the 
new  system  for  inclusion  into  the  air  situation  data  base.  Rome 
Laboratory  was  selected  as  the  lead  Air  Force  agency  to  de¬ 
velop  and  construct  the  new  range  control  system  for  the 
USAFADWC.  The  key  technologies  are  data  integration  and 
infonnation  display  processing.  The  range  control  system  must 
be  able  to  track  multiple  aircraft  in  a  dense  clutter  environment 
and  process  data  from  multiple  sensors  automatically.  Data 
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must  be  integrated  and  displayed  in  an  accurate  and  timely  fash¬ 
ion  to  operators  for  evaluation  and  use  in  real-time  control  of 
aircraft  on  the  range.  Rome  Laboratory  in  cooperation  with  the 
475th  Weapons  Evaluation  Group  at  Tyndall  AFB,  and  ASD  at 
Eglin  AFB  has  begun  working  on  the  design,  development,  and 
implementation  of  the  new  range  control  system.  Completion 
of  the  new  system  is  scheduled  for  March  1993.  This  paper  will 
discuss  the  project  status,  architecture  issues,  and  design  con¬ 
siderations  for  implementing  the  range  control  system  includ¬ 
ing  the  sensor  data  integration  feature. 

1991  Data  Fusion  Symposium  Oct  91 

AN  AIR/LAND  COMBAT  SIMULATOR  AND 
SCENARIO  GENERATION  ASSISTANT 

Craig  S.  Anken,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Abstract  -  This  paper  describes  an  air  /  land  combat  simulator 
and  Scenario  Generation  Assistant  (SGA)  developed  by  Rome 
Laboratory  (RL)  and  Advanced  Decision  Systems  (ADS)  Inc. 
The  simulator  was  built  using  an  environment  consisting  of  an 
object-oriented  language,  EPIC,  created  specifically  for  writing 
simulations,  an  object-oriented  cartographic  Map  Display  Sys¬ 
tem,  and  various  other  support  tools. 

SCS  International  Simulation  Technology  Proceedings  1991, 
Oct,  1991,  Orlando,  Florida 

A  DISTRIBUTED  COOPERATION 
ENVIRONMENT  FOR  INTEGRATION  AND 
TESTING  OF  EXPERT  SYSTEMS. 

Craig  S.  Anken,  and  Jeffrey  D.  Grimshaw,  Rome  Laboratory, 
Ccanmand,  Control,  &  Communications  Directorate 

Abstract  -  Rome  Laboratory  has  embarked  on  the  development 
of  a  distributed  environment  that  will  support  the  testing  of  and 
cooperation  between  multiple  decision  aids  (or  expert  systems). 
This  environment  is  called  the  AdvatKed  Artificial  Intelligence 
Technology  Testbed  (AATlT  j.  This  paper  discusses  some  of  the 
previous  approaches  in  this  area  that  itKlude  both  decentralized 
and  centralized  approaches,  as  well  as  the  approach  taken  in  the 
AAITT  research. 

World  Congress  on  Expert  Systems  Proceedings,  Dec.  1991, 
Orlando,  Florida 


A  METHODOLOGY  FOR  AIR  DEFENSE 
OPERATOR  LEVEL  C3  FUNCTIONAL 
DEVELOPMENT 

David  A.  Griffith,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Abstract  -  A  Methodology  has  been  determined  and  im¬ 
plemented  in  a  laboratory  envircMimenr  to  conduct  the  full  spec¬ 
trum  of  activity  associated  with  person,  hardware  and  software 
in-the-loop  operator  level  functional  development.  Asimulation 
has  been  developed  to  model  the  threat,  sensors,  communica¬ 
tions  and  weapotts  systems  associated  with  North  American  air 
defense.  This  simulation,  combined  with  live  real-time  opera¬ 
tional  data,  establishes  a  credible  range  of  problems  to  be  solved 
by  the  C3  operators.  A  network  of  high  performance  color 
graphic  workstations  has  been  configured  to  assist  the  surveil¬ 
lance,  identification,  weapons  control,  resource  management, 
weather,  communications,  logistics  and  other  operators  in  sin¬ 
gle  or  group  decision  making  processes  to  present  options  to  the 
battle  commander  for  execution.  A  functional  analysis  has  been 
completed  which  decomposed  the  human  and  computer  pro¬ 
cesses  to  the  lowest  level  functions.  These  functions  can  be  re¬ 
combined  in  a  variety  of  ways  and  allocated  across  the  work¬ 
stations  to  evaluate  and  optimize  operator  atxl  overall  system 
performance.  This  paper  presents  the  {^losophy,  approach  aixf 
inftastnicture  of  the  laboratory  environment.  Following  papets 
will  provide  detail  on  particular  aspects  of  the  process. 

8th  Annual  Conference  on  Command  and  Control  Decision 
Aids,  June  1991,  National  Defense  University,  Ft.  McNair, 
Washington,  DC. 

REQUIREMENTS  CAPTURE, 

AUTOMATION  AND  UTILIZATION 

Neil  S.  Marples,  Rome  Laboratory,  Command  ,  Control,  & 
Ccffnmunications  Directorate 

Abstract  -  This  Rome  Laboratory  presentation  describes  the  ev¬ 
olutionary  parallel  approach  to  develop  the  future  Air  Defense 
system  to  replace  the  existing  Sector  Operations  Control  Cen¬ 
ters  (SOCC).  It  documents  the  results  of  the  recently  completed 
ADI  Functional  Analysis  which  allotted  particular  operational 
functions  to  a  recommended  functional  position  and  defines  the 
inputs/outputs  and  processes  required  to  accomplish  the  func¬ 
tion.  Requirements  were  captured  using  PSL/PSA  while  Net¬ 
work  II.5  was  used  to  identify  and  eliminate  system  bottle¬ 
necks.  The  paper  also  discusses  the  approach  being  followed  to 
automate  and  implement  the  current  SOCC  functions.  Initial 
emphasis  has  been  placed  on  the  fusion  of  data  from  multiple 
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types  of  sensots  and  the  automation  of  the  weapons  control 
function  using  Nexpett  expert  system  application. 

8th  Annual  Conference  on  Command  &  Control  Decision  Aids, 
June  1991,  National  Defense  University,  Ft  McNair,  Washing¬ 
ton  D.C. 

REQUIREMENTS  CAPTURE, 

AUTOMATION  AND  UTILIZATION 

Neil  S.  Marples,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Abstract  -  This  Rome  Laboratory  presentation  describes  the  ev¬ 
olutionary  p.irallel  approach  to  develop  the  future  Air  Defense 
system  to  replace  the  existing  Sector  Operations  Control  Cen¬ 
ters  (SOCC).  It  documents  the  results  of  the  recently  completed 
ADI  Functional  Analysis  which  allotted  particular  operational 
functions  to  a  recommended  functional  position  and  defines  the 
inputs/outputs  and  processes  required  to  acccxnplish  the  func¬ 
tion.  Requirements  were  captured  using  PSL/PSA  while  Net¬ 
work  II.5  was  used  to  identify  and  eliminate  system  bottle¬ 
necks.  The  paper  also  discusses  the  approach  being  followed  to 
automate  and  imp  ement  the  current  SOCC  functions.  Initial 
emphasis  has  been  placed  on  the  fusion  of  data:  from  multiple 
types  of  sensors  and  the  automation  of  the  weapons  control 
fiiiKtion  using  Nexpeit  expert  system  application. 

8th  Annual  Conference  (Xi  Command  &  Control  Decision  Aids, 
National  Defense  University,  Ft.  McNair,  Washington  D.C.,  26- 
27  June  1991 

BATi  LE  STAFF  DECISION  SUPPORT 
(BSDS) 

Bill  Brennan,  Rome  Laboratory,  Command,  Control,  &  Com- 
municadons  Directorate 

Abstract  -  The  overall  intent  of  the  decision  aids  in  the  Battle 
Staff  Decision  Support  System  (BSDS)  is  to  stress  the  storage, 
analysis,  and  display  of  information  to  Battle  Staff  decision 
making  personnel.  The  decision  aids  will  support  the  direction 
of  Battle  Staff  operations  including  the  implementation  of  oper¬ 
ational  plans,  support  of  DEA/US  Customs  tasks,  fusing  of  in¬ 
telligence  data,  planning  and  directing  of  engagement  actions. 
The  monitoring  of  sector  resources  and  supporting  the  Battle 
Commander  (BC)  in  sector  maintenance  fimctions  will  also  re¬ 
quire  decision  aids  to  assist  in  the  implementation  of  these  re¬ 
sponsibilities.  The  design  will  be  flexible  enough  to  support  the 
easy  integration  of  expert  systems  at  a  later  date. 


8th  Annual  Conference  on  C^  Decision  Aids,  Fort  McNair,  Vir¬ 
ginia,  27  June  1991 


FORCE  LEVEL  EXECUTION 
DEMONSTRATION 


Thomas  A.  Clark,  Georganne  deWalder,  Lt.  Sally  McCullers, 
Gerald  C.  Ruigrok,  and  Capt.  Michael  Shoop,  Rcane  Labora¬ 
tory,  Command,  Control,  &  Communications  Directorate 

Abstract  -  Rome  Laboratory  has  undertaken  a  program  to  solve 
a  variety  of  force  level  problems  identified  across  the  Tactical 
Air  Force  (TAI^.  The  first  major  effort  to  address  some  of  these 
problems  is  currently  underway,  called  the  Advanced  Planning 
System  (APS).  The  APS  will  provide  automated  support  in  con¬ 
structing  an  Air  Battle  Plan  (ABP)  for  the  Combat  Plans  Divi¬ 
sion  of  the  Tactical  Air  Control  Center  (TACQ.  The  APS  effort 
has  successfully  combined  in-house  and  contractual  work  to 
produce  several  prototype  versions  of  a  fielded  capability. 
Drawing  upon  the  development  accomplishments  of  the  APS, 
Rcane  Laboratory  will  continue  its  activity  at  the  fwce  level  in 
a  follow-on  effort  entitled  the  Force  Level  Execution  Eiemon- 
stration. 


The  Force  Level  Execution  Advanced  Development  Ingram 
will  demonstrate  automated  support  for  the  functions  per¬ 
formed  by  the  Cwnbat  Operations  Division  within  the  TACC. 
Leveraging  the  Open  Systems  Architecture,  lessons  learned, 
and  baseline  system  processes  of  the  APS,  Rome  Laboratory 
will  develop  and  demcwistrate  an  initial  capability  for  the  Duty 
Officers  of  the  Combat  Operations  Division  to  perform  ABP 
monitoring,  status  updating,  and  plan  changing  functions. 

This  paper  will  present  the  current  status  of  the  APS  and  the  ef¬ 
forts  to  integrate  it  into  the  TAF’s  force  level  systems.  Also,  a 
brief  description  of  the  APS  in-house/contractor  relationship 
will  be  discussed.  The  remainder  of  the  paper  will  concentrate 
on  the  activities  of  the  Force  Level  Execution  effort.  This  will 
itKiude  the  establishment  of  an  in-house  Execution  Testbed  and 
will  focus  on  the  method  of  rapid  prototyping  as  used  in  APS 
and  how  it  can  be  exterrded  to  evolutionary  prototypes  for  the 
Execution  effort.  It  will  be  shown  how  the  Research  &  Devel¬ 
opment  community  can  effectively  captirre  the  true  require¬ 
ments  of  the  users  by  producing  evolutionary  prototypes. 

Automated  Mission  Plarming  Society,  Crystal  City,  Virginia, 
July  1991 
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APPLYING  GRAPHICAL  TECHNIQUES  TO 
TAF  PLANNING 

Earl  C.  LaBatt,  Jr.,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Abstract  -  This  paper  reveals  graphical  techniques  that  help  fa¬ 
cilitate  the  transfer  of  infonnation  between  a  planning  system 
and  its  operator.  Rudimentary  examples  of  how  these  tech¬ 
niques  could  be  applied  to  the  Tactical  Air  Force  (TAF)  plan¬ 
ning  domain  have  been  developed  in  the  areas  of  resource  allo¬ 
cation,  resource  scheduling,  force  level  planning,  weaponeer 
ing,  and  the  effects  of  weather. 

Expert  systems,  blackboards,  and  framebased  systems  are  ex¬ 
amples  of  some  of  the  advanced  concepts  that  are  incorporated 


into  many  decision  aid  applications.  However,  the  user  inter¬ 
face  to  these  advanced  applications  resembles  the  manual  pro¬ 
cess.  What  hinders  these  traditional  text  based  interfaces  is  the 
inability  to  visualize  cavise  and  effect  relationships  within  a  sys¬ 
tem. 

Part  of  the  inability  of  these  interfaces  is  a  result  of  automating 
a  paper  process  that  was  not  designed  to  show  calculation  inten¬ 
sive  relationships  (relationships  between  complex  variables). 
By  combining  graphical  techniques  with  the  interface,  both  the 
user  and  the  machine  can  perform  tasks  that  they  excel  at;  man 
in  understanding  pictorial  data  and  the  machine  in  manipulating 
vast  amounts  of  data. 

Planning  Desert  Stonn  Symposium  and  Exhibition,  Crystal 
City,  Arlington,  Virginia,  16-18  July  1991 
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D.  INTELLIGENCE 


RESULTS  OF  THE  NEURAL  NETWORK 
INVESTIGATION  (NND 

Ix'e  A.  Uvaiini,  Rome  Laboratory,  Intelligence  &  Reconnais¬ 
sance  Directorate 

Atetnict  -  Rome  Laboratory  has  designed  and  implemented  a 
neural  network  based  Automatic  Target  Recognition  (ATR) 
system  under  cotitract  F30602-89-C-0079  with  Booz,  Allen  & 
Hamilioti  (BAH),  Inc.,  of  Arlington,  Virginia.  The  system  iiti 
lizes  a  cottibinaiion  of  neural  network  paradigtns  and  conven- 
tiotial  image  processtng  techniques  in  a  parallel  etivirontnetit  on 
the  IL  2000  SUN  4  w'orkstatioti  at  Rotne  Laboratory.  Tlie  lE- 
2(X)0  workstation  was  designed  to  assist  the  Air  Force  atid  DoD 
to  derive  the  needs  for  itnage  exploitation  and  itnage  exploita¬ 
tion  su|)jxirt  for  the  late  1990's  -  year  2000  titne  fratne.  The  IE 
2(X)0  cotisists  of  a  developmetital  testbed  and  an  applicaliotis 
testlx'd,  IxDth  with  the  goal  of  solving  real-world  problems  on 
real  world  facilities  for  itnage  exploitation.  To  fully  exploit  the 
pandlel  tiature  of  tieural  networks,  18  Ititnos  T800  tratisputers 
were  utilized,  iti  att  attettipt  to  provide  a  tiear-litiear  speed-up 
for  e;idi  sulrsystetn  cotnponetit  implettiented  ott  thetti.  The  itti- 
tial  desigti  cotitaitied  three  well-kttown  neural  network  para- 
iligtns,  each  tnodified  by  BAH  tosotne  extent:  the  Selective  At- 
teiitioti  NecKogtiitroti  (SAN),  the  Bitiary  Cotitour  Systetn/Fea- 
ture  Contour  Systetn  (BCS/FCS),  atid  Adaptive  Resotiance 
riieory  2  (ART  2),  attd  otte  tieural  network  designed  by  BAH 
called  the  Image  Variance  Exploitation  Network  (IVEN). 
Through  ra()id  prototyping,  the  initial  system  evolved  into  a 
completely  different  final  design,  called  the  Neural  Network 
Im.ige  Exploit, ition  System  (NNIIES),  where  the  final  system 
M  insists  ot  two  basic  components:  the  Double  Variance  (DV) 
l.iyer  .ind  the  Multiple  Object  Detection  And  Location  System 
iMOD.AI.S)  A  raiiid  prototyping  neural  network  CAD  Tool, 
desigin'd  by  Booz.,  Allen  and  Hamilton,  was  used  to  rapidly 
huiKI  and  emulate  the  neural  network  paradigms.  Evaluation  of 
the  completeil  ATR  system  included  probability  of  detections 
and  pfol lability  of  false  alanns  among  other  measures 

I’resented  at  llu-  SI’IE's  20th  AIPR  Workshop,  Oct  1991 

FUTURE  UNM  ANNED  AERIAL  VEHICLE 
(UAV)  RE(  ONNAI.SSANC  E  FORCE 
S  I  Rl  <  n  RE 

K'  ii  ild  B  11, ones,  koine  Liboiatoiy,  Intelligence  <V  Recon 

■  i.i:  .  ..nil  e  1  liii'i.  torate 

XllJi'ld  II  I  .eickti'll,  S\ Hectics  Coijioratlon 


Abstract  -  The  Air  Force’s  Rome  Laboratory  is  currently  pro¬ 
viding  support  to  the  Unmanned  Aerial  Vehicle  Joint  Program 
Office  to  provide  a  system  architecture  and  specific  interfaces 
which  will  allow  for  a  total  interoperable  reconnaissance  force 
structure.  Rome  Laboratory  has  contracted  with  the  Synectics 
Corporation  to  assist  in  the  development  of  this  future  recon¬ 
naissance  force  structure.  The  objective  is  to  ptrovide  an  Imag¬ 
ery  Interoperability  Architecture  between  any  collection  plat- 
fonn  and  any  surface  station.  The  implementation  of  this  archi¬ 
tecture  will  greatly  reduce  the  number  of  redundant  aerial  vehi¬ 
cles  and  provide  for  deployment  of  the  "common  surface  sta¬ 
tion."  Under  this  program,  standard  data  structures,  interfaces, 
interoperable  data  links,  and  other  interoperability  issues  are 
defined.  This  program  is  based  upon  several  defined  industry 
standards  and  parallels  NATO  and  ongoing  U.S.  reconnais¬ 
sance  interoperability  efforts.  This  paper  discusses  the  overall 
architectural  approach  to  achieving  total  reconnaissance  inter¬ 
operability,  the  current  status  of  reconnaissance  interoperability 
efforts,  and  several  new  standards  that  are  being  proposed  such 
as:  an  image  fonnat  specification,  data  link  architectures,  defi¬ 
nition  of  common  surface  station  components,  and  establish¬ 
ment  of  standard  perfonnance  evaluation. 

The  Eighteenth  Annual  Association  for  Unmanned  Vehicle 
Systems  (AUVS)  Technical  Symposium  and  Exhibit,  13-15 
Aug  1991 ,  Tlte  Sheraton  Washington  Hotel,  Washington  DC. 

ARC  DIGITAL  RASTER  IMAGERY  (ADRI) 
OVERVIEW 

Mr.  J.'imes  A.  Sieffert,  Rome  Laboratory,  Intelligence  &  Recon¬ 
naissance  Directorate 

Abstract  -  HQ  USAF  has  validated  the  Statement  of  Need 
(SON)  002-87  for  a  Precise  Geopositioning  Capability  (PGC) 
to  support  intelligence  applications  and  aircraft  mission  plan¬ 
ning  and  targeting  requirements  on  a  worldw'ide  basis.  Rome 
Lalxtratory  (fomterly  Rome  Air  Development  Center  -  RADC) 
has  developed  the  technology  for  precise  geopositioning,  but  no 
worldwide  digital  databases  are  currently  available.  The  De¬ 
fense  Mapping  Agency  (DMA)  plans  to  begin  production  of  a 
Digital  Point  Positioning  Database  (DPPDB)  in  the  mid  1990s 
but  it  will  not  be  worldwide  and  it  will  be  classified  (limited  dis 
tribution).  Based  on  this  situation  and  the  urgency  of  the  AF  re- 
ciuiremetit  for  mission  planning  support  data,  the  Rome  Labora- 
toiy/lRKP  and  HQ  USAIV  INTER  have  Jointly  developed  the 
concept  of  an  Air  Force  Standard  geocoded  image  product  as  a 
solution  to  the  worldwide  database  problem  to  support  mission 
planning  applications  within  the  Air  Force.  Tlte  Air  Force  cho¬ 
sen  format  for  this  prodtict,  ARC  Digital  Raster  Imagery 
(ADRI).  has  Iven  derived  from  the  DMA  ARC  Digitized  Raster 
Graphics  (ADRG)  standard  prcxluct  for  ma|}s  and  charts 


Second  Air  Force  Spatial  Data  Conference  23  -  25  July,  1991, 
Ann  Arbor,  Michigan. 

ROME  LABORATORY  MAPPING 
CHARTING  GEOPOSmONING  & 

IMAGERY  PROGRAM 

Joseph  J.  Palermo,  Rome  Laboratory,  Intelligence  &  Recon¬ 
naissance  Directorate 

Abstract  -  The  paper  discusses  the  Advanced  Cartographic  Af>- 
plications  Program,  The  Precise  Geopositioning  Program,  the 
development  of  Common  Mapping  Program  (CMP)  software 


versions  1  and  2  via  the  Advanced  Planning  System  Program 
and  the  Air  Force  Mission  Support  System  Program  and  the 
Rome  Laboratory  expansion  of  the  CMP  versions  1  and  2  capa¬ 
bilities  to  address  the  Air  Force  Ccvnmand,  Control  and  Intelli¬ 
gence  systems  Mapping,  Chatting,  Geopositioning  and  Imag¬ 
ery  support  requirements  (CMP  3).  This  evolution  of  CMP  is 
being  addressed  under  two  FY  1991  Rome  Laboratory  efforts, 
the  Air  Force  Geographic  Information  Handling  System 
(AFGIHS)  and  the  Cartographic  Support  to  Intelligence  (CSI). 
Future  Rome  Laboratory  R  &  D  in  the  area  of  automatic  spatial 
database  update  techniques  is  discussed. 

Second  Air  Force  Spatial  Data  ConferetKe  23  -  25  July,  1991, 
Ann  Arbor,  Michigan 


E.  ELECTROMAGNETICS 


BI.OC'II-VKCTOR  MODKLFOR  DRESSED 
S I AI  ES  ()I<  RESONANT  RAMAN 
INFER  ACTION 

M.  S,  Slutlirinr,  Mas.siicluLs«*lts  Iitstiliito  of  Technolopy 

I*.  K.  Hfiiimrr,  Rohm*  I-alx)ratory,  filed roiiwgtiPlics  Jk  Reliahil 

ity  Dirt'dorate 

Al>s(nicl  It  is  well  ktiowti  lliat  the  resoiiniit  Rniiuti  iiiteractioti 
o|)lically  pumps  atoms  into  a  noiiabsorhing  dressed-slate.’ 
When  this  stale  is  long  lived  compan*<l  to  the  optical  Rabi  fre 
ipieiicies  aiKl  the  decay  rale  of  the  iiitermediate  stale,  many  in 
leresling  dynamics  arise,  llu'se  dytutmics  are  significanl  in  ap 
plications  such  as  Raman  clock  AC-Slark  shifts,  micro-wave 
phase  sensitive  optical  al^orplion,"  anti  Raman  cooling.  By 
using  appropriate  approximations,  we  show  that  these  dynam¬ 
ics  can  lx*  well  deserilx'tl  with  a  Bloch-veclor  model,  which  in 
volves  oidy  ground-slate  populations  and  coherence.  This 
ground  slate  Bloch  vector  mrxlel  resembles  the  Bloch-vector 
niixlel  of  two  level  system,  but  it  has  subtly  different  dynamics. 
I'urlhennore,  we  construct  a  novel  dn“.s.sed' stale  Bloch-vecUir 
that  clearly  shows  the  analogy  Ix'tween  conventional  optical 
l>umping  and  coherent  Raman  trapping,  In  this  model,  one 
dre.s.sed  stale  is  a  nonnlisorbing  state,  and  the  other  is  an  alisorb 
mg  stale.  We  nse  the  <lres.sed -stale  Bloch  vector  to  show  how 
Raman  AC'-Slark  shift  arises  and  how  it  de|x>tids  on  exix'rimen- 
lal  paiameliTs.  We  also  show  how  the  microwave  phase-sensi¬ 
tive  I’plical  absorption  can  lx>  quantitatively  calculated  in  a  sim 
pie  way. 

Refeivnces 

I  11  R  CJniy.  R.  M.  Wliitley,  and  C.  R.  .Stroud,  Jr.,  Opt  Ixit 
t.:iK(l‘)78). 

2.  M.  S.  Shahriar,  1'.  R.  Hemnier,  XVIIlQnC  Technical  I)i 
gest.  28(1  ( lO'X)). 

I'loceeilings,  l‘)‘)l  Annual  Meeting,  (Jjilical  .Siviety  of  Amer 
ica 

Miii;ri(;R()i)i'-s„  benchmark 
(OMPARISON  for  ELECTRON 
TRANSI’ORT 

B.  1)  (lana()ol.  flniversily  of  Arizona,  department  of  Nuclear 
ami  I'lieigy  laigiiieeiing 
S  Wixilf,  ARC’ON  C'or|x>ration 

I  (■  (i.iilli.  Ronu-  Lilxmilory,  Fvleciromagnelics  &  Reli.ibilily 
I  )lti’ctorale 


Al>sinicl  -  A  u  l  of  Ix'iichmark  calculations  is  described  for  tlr 
(Hie  (timensional,  mulligroup  discrete  endinates  method  as  ap 
plied  to  electron  lrans|>on.  An  arulytical  tepresentation  of  tlie 
group  scalar  flux  is  obtained  by  application  of  tlie  Fourier  trails 
fonn  o|x*niior  to  the  lrans|K>rt  equation,  expansion  of  tlie  trim 
fonned  equation  in  lenns  of  the  flux  moments,  aiKl  re  inver;i<Hi 
of  the  Iransfomied  scalar  flux  iiuHnents.  'Ilie  results  of  f>/)  calcii 
l.ilions,  with  lx)th  the  linear  discoi  linuotu  niKi  di.amoiKi  differ 
eiice  algorithms,  are  comp.ired  with  benchmark  calculations  foi 
a  plane  i.soiroplc  source  of  200  keV  electrons  in  infinite  alumi 
num.  The  degree  of  scattering  anisotropy  is  allowed  to  vary 
from  isotropic  to  third  order  anisotiopic.  Analysis  of  sp.itial  dis 
creti/ation  error  is  al.so  discus.sed. 

Conf.  proci*eding  of  American  Nuclear  Society,  Topical  Meet¬ 
ing  on  "Advances  in  Mathematics,  Computations,  and  Reactor 
Physics."  Apr.  28  -  M.ay  I,  1991,  Pittsburgh.  PA.  Vol.  5,  pages: 
.W.l  (9  1  to 9- II) 

AMORPHOUS  HYDROGENATED  SILICON 
(a-Si:ID  PHOTOVOLTAIC  THIN  FILMS 
DEPOSITl-:!)  ON  rO  ULTRA-LOW  DENSIIT 
AEROGELS 

S.  P.  llolaling  and  I'.  P.  Proni,  Rome  Laboratory,  Surveillance  & 
Photonics  Directorate 

Abstract  -  Amorphous  Hydrogenated  Silicon  (a-Si:!!)  jihoto- 
vollaic  thin  films  have  lx?en  deposited  onto  ultra  low  density 
(ULD)  silica  aerogel  sulisimles  using  plasma  enlianced  chemi¬ 
cal  v.ij»r  dejiosition  (PECVD).  Tlic  techniques  and  results  of 
ULD  aerogel  fabrication,  surface  treatment,  thin  film  deposi¬ 
tion  and  photovoltaic  (PV)  characterization  are  discussed.  DC 
photocurrent  and  transient  time  of  flight  measurements  were 
perfonned  for  the  PV  characterizatijn,  while  ellipsometry, 
transmission  optical  sjiectrophotometry,  scanning  electron  mi¬ 
croscopy  (SEM)  and  low  magnification  optical  microscopy 
(xW)  were  u.sed  to  obtain  qualitative  and  quantitative  surface 
morphology,  microstnicture  and  film  thickness  data,  'lliis  re¬ 
search  indicates  that  ULD  aerogels  may  be  used  .as  sulistrates 
for  dielectric  and  metallic  thin  films  which  liave  electrical,  opti¬ 
cal  and  mechanical  projierties  comparable  to  films  dejKisited 
onto  conventional  sulistrates  such  as  gl.ass,  metals  or  plastics. 
These  data  taken  together  with  the  lightweight  of  the  ULD  .aer¬ 
ogels  may  be  of  interest  to  the  space  b.asied  sensor  community  as 
a  (xissible  route  to  large,  lightweight  photonic  .sensors  or  PV  .ar¬ 
rays.  These  results  thus  indicate  tliat  ULD  aerogels  could  lx* 
used  as  sulvstrate  materials  for  other  thin  films  of  interest  to  the 
PV  community,  for  example,  we  have  produced  ultra  light¬ 
weight  reflective  optics  using  this  firsion  of  solgel  .and  thin  film 
technologies  . 

Materials  Research  .Sex-iety  Symixisiiun  Proceedings,  Vol.  219, 
.10  Apr-.l  May  9 1 ,  Anaheim,  California 
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RADIATION  TESTING  OF  AilnAs/InGaAs 
AND  GaAs/AIGaAs  HBTs 

S.  B.  Witmer,  AT&T  Bell  Laboratories 

S.  Mittletnan  and  D.  Lehy,  Rome  Laboratory,  Electromagnetics 
&  Reliability  Directorate 

E  Ren,  T.  R.  Fullowan,  R.  F.  Kopt,  C.  R.  Abernathy,  S.  J. 
Pearton,  D.  A.  Humphrey,  R.  K.  Montgomery,  and  P.  R.  Smith, 
AT&T  Bell  Laboratories 

J.  P.  Kreskovsky  and  H.  L.  Grabin,  Scientific  Research  Associ¬ 
ates 

Abstract  -  The  radiation  liardness  of  small  geometry  (-2x4 
um“),  state  of  the  art  AlInAs/InGaAs  and  GaAs/AlGaAs  HBTs 
to  Co  y-rays  has  been  investigated  up  to  a  dose  of  1 00  MRad. 
The  former  devices  showed  a  small  change  in  L  and  gain  for  20 
MRad,  with  essentially  no  change  in  lit.  At  40  MRad,  the  gain 
of  the  devices  had  decreased  to  unity.  By  contrast,  for  GaAs/Al- 
GaAs  HBTs,  the  current  gain  actually  increased  up  to  a  dose  of 
75  MRad.  At  100  MRad,  none  of  our  devices  were  still  opera¬ 
tional.  This  was  ascribed  to  degradation  of  the  base-collector 
contact  metallization  (TiPtAu)  and  in  particular  to  the  presence 
of  All.  Carbon-and  beryllimn-doped  base  devices  showed  the 
same  response  to  Co  y-ray  doses.  No  long  transient  responses 
in  either  base  or  collector  currents  were  observed  during  irradi¬ 
ation  of  the  GaAs/AlGaAs  devices  with  120  nsec  pulses  of  10 
MeV  electrons  at  rates  up  to  2.7  x  10*'*  Rad  ■  sec  *.  Results  of  a 
2  dimensional  modellitig  study  suggest  that  both  GaAs  and  InP 
based  HBTs  are  relatively  immune  to  damage  by  transient  radi¬ 
ation  effects  up  to  a  dose  rate  of  10**  Rad  '  sec  *,  with  GaAs 
based  devices  being  more  resistant  to  radiation  than  InP  due  to 
their  shorter  recombination  tunes. 

Materials  Rese.arch  Society,  Fall  Meeting,  1991 

MELT  AND  HYDROTHERMAL  GROWTH 
OF  BISMUTH  SILICATE 

John  J  Larkin,  Meckie  T.  Hams,  J.  Emery  Comiier,  and  R.  N 
Brown,  Rome  Lalxiratory,  Electromagnetics  &  Reliability  Di¬ 
rectorate 

A  1'  Amiiiigton,  Park  Mathem.atical  Laboratory 

AliNirn.!  Bismuth  Silicate  (BSO)  in  the  sillenite  structure 
Bii:Si(  ):ii,  IS  a  non  linear  optical  maleri.al  which  has  many  ap 
plkaiii'tis  including  four  wave  mixing  and  optical  memories. 
As  obtained  by  melt  growth  nietlKxls,  at  approximately  ‘XXV’C, 
It  is  orange  brown  in  color  and  exhibits  the  photorefractive  ef 
feet  Hydrolhennal  growth  of  this  material  has  been  acconi 
[ill sill'd  at  the  Koine  LilKiratory  hydrothemial  facihly  S(X'ci 
mens  cut  from  crystals  prixluced  by  this  inetluxl  are  colorless, 
traiisfiarent,  free  of  inclusions  and  strain  and  thus  might  pirovide 


a  starting  point  to  engineer  materials  superior  to  commercial 
crystals  produced  by  growth  methods  such  as  Czochralski  (CZ) 
and  gradient  freeze.  The  hydrothermal  process  may  permit 
"tailoring"  of  the  properties  of  this  material  since  growth  takes 
place  at  a  relatively  low  temperature  and  jjropierties  regarded  as 
intrinsic  in  melt  grown  materials  may  be  the  result  of  a  high 
temperature  defect  absent  at  the  hydrothermal  processing  tem¬ 
perature  (~  400°C).  Growth  conditions  will  be  described  for  this 
material.  Some  electrical  and  optical  characteristics  and  chemi¬ 
cal  analyses  will  also  be  presented.  Preliminary  results  on 
doped  materials  will  be  described. 

S.igamore  Conf,  10-12  Sep  91 


SIMULATION  OF  ELECTROMAGNETIC 
ENVIRONMENTAL  EFFECTS  (E3)  ON 
PHASED  ARRAY  RADAR  PERFORMANCE 
USING  THE  GENERAL 
ELECTROMAGNETIC  MODEL  FOR  THE 
ANALYSIS  OF  COMPLEX  SYSTEMS 
(GEMACS) 


Timothy  W.  Blocher,  Rome  Laboratory,  Electromagnetics  & 
Reliability  Directorate 


Abstract  -  The  United  States  Air  Force  has  been  actively  pursu¬ 
ing  the  development  of  phased  array  radar  systems  over  the  last 
several  years  for  wide  area  C3I  surveillance,  Tlie  incentive  for 
this  technology  development  is  the  Air  Force’s  requirement  to 
detect  smaller  or  "stealthy"  t.argets  in  increasingly  noisy  envi 
ronmenis.  Tlie  capabilities  of  these  phased  array  radars  tnust  in¬ 
clude  the  generation  of  ultralow  sidelobes  and  high  radiated 
jxawer  in  order  to  fulfill  their  mission.  Tlie  strict  radar  specifica 
tions  incre.ase  the  sensitivity  of  the  entire  system,  aircraft  and 
subsystems,  to  electromagnetic  environmental  effects  (E3). 
This  paper  illustrated  the  General  Electromagnetic  Model  for 
the  Analysis  of  Complex  Systems  (GEMACS)  software  as  a 
tool  fvar  analyzing  the  response  of  a  phased  array  radar  to  van 
ous  electromagnetic  environments.  Other  topics  discussed  in¬ 
cluded  future  mollifications  to  GEMACS  for  phased  array  sim 
Illations  .ukI  a  conqiarison  of  nin  times  on  a  DEC  VAX  8050.  a 
,0'  Mil/  ,<80  based  PC  and  the  Alliant  FX/80  parallel  pnxessor 
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PIIASKl)  ARRAY  SIMULATION  WITH 
NON-ISOTROPIC  AND  ISOTROPIC 
RADIATING  ELPMENTS 

Joim  ('.  CUn»r>',  Rome  I-al>oralory,  Iilectromagnelics  &  Reli¬ 
ability  Directonite 

Michael  J.  Callahan,  Rolx'rt  I.  Denton,  Jr.,  Rome  Lalxiratory, 
Surwil lance  &  I’liototiics  Directorate 

Abstract  Coinpiiterizeil  siimilation  of  phased  array  [x-rfor 
niancc  provides  a  cost  effective  means  to  investigate  antenna 
(lesip.ns  Ix-fore  hardware  is  actually  built.  Hie  inherent  flexibil 
ity  of  the  simulation  approach  aiul  the  ease  of  data  entry  allows 
an  antenna  designer  to  iterate  through  an  antenna  optimization 
design,  I'valuation,  atid  redesign  process  fairly  quickly,  and 
many  times  if  lu'cessary. 

A  description  of  such  a  simulation  tcxrl  and  a  brief  demonstra 
tion  of  its  capabilities  will  lx‘  presented  in  this  pajrer  Ageix'ric 
cor|Krrate-fed  ph.ast-d  arr.ay  system  with  two  different  types  ol 
radiating  elements  will  Iv  simul.ated. 

Antenna  pattetus  for  a  generic  phasi'd  army  were  genemted  at 
v.arious  scati  angles  (Iwresight  and  thirty  degree  E-platie  atui  11 
plane  Ix-am  steering).  Transmit/receive  (T/R)  module  multipli¬ 
cative  amplitude  (+  - 1  dl3  Gau.ssian  distribution)  errors  atid  ad¬ 
ditive  pha.se  ( <■  -  5  degree  uniform  distributioti)  errors  will  Ix'  in- 
corixuated  into  the  simulation.  'Die  quantizatioti  effects  of  four 
bit  |)hase  shifters  were  included.  'Fite  army  factor  at  the  alxrve 
scan  angles  w  ill  lx-  generated  for  the  antenna  and  then  multi 
()lied  by  the  appropriate  element  pattern  in  each  case  to  produce 
far  field  patterns  for  the  antenna.  This  was  demoiLStrated  for  two 
representative  ty|X’S  of  nuliating  elements,  the  first  one  Ixdng  a 
microstrip  patch  aiul  the  second  one  a  thin  strip  diixile.  I  he  |)at 
terns  were  compared  to  thosi-  obtaineii  with  isotropic  railiating 
elements  (the  array  factor)  to  demonstrate  the  iiiqxirtance  ol 
having  the  capability  to  include  element  palteni  effects  in  the 
simulation  runs 

ITtxeedings  1  Wl  Summer  Computer  Simulation  Conference. 
July,  I ‘Wl,  Baltimore.  MD 

MODI  LING  ELECTROMACJNETIC 
ENVIRONMENTAL  EFEECTS  IN 
MIILI  H’ORT  MMICS 

Daniel  J  Kenneally,  Timothy  W.  BUxher,  Rome  Lalxrratoty, 
(•lectromagnelics  iV  Reliability  Directonite 

Abstract  Monolithic  microwave  integrated  circuits  (MMICs) 
are  ciiiTently  of  intere.st  for  many  aerospace  radar  a jiplicat ions 
.Active  aperture,  phased  array  antennas  use  MMICs  in  traits 


iiiit/receive  ('I'/K)  incxlules  which  are  iiitegnil  parts  ol  the  army 
face.  In  addition  to  the  digital  circuits  lua’d  for  beam  syntliesis 
.and  steering,  the  incxlules  also  use  linear  circuits  for  Ixjth  traits 
mil  and  receive  signal  enhancements.  For  example,  there  .ate 
low  noise  preamplifier  and  jxiwer  .miplifier  MMICs  in  incxlules 
covering  L  band  up  to  X-baiid  frequencies. 

These  circuits  and  modules  must  operate  and  survive  in 
wideband,  electromagnetic  s|x*ctral  environments  tli.at  are  in 
ten.se,  degrading  and  sometimes,  damaging.  Ambient  signals 
from  these  environments  seriously  effc>ct  the  ix*rfomiance  and 
reliability  of  siiscejitible  MMICs  by  causing  functional  uira  t 
and  wavefonn  distortion.  These  and  oilier  inducc-cl  effc-cis  re 
diice  the  array  ■jx-rfomiance  and,  subsecjuently,  the  radar  elfec 
tiveness. 

MMK'  device  susceptibility  to  tin*  iinwaiitc'd  signals  is  deter 
minc'd  during  C'AD  usually  by  simulating  test  ambient  signals 
added  to  the  desired  signals  at  the  input  signal  ixirt  and  then 
cominiting  the  contaminated,  degraded  res|x>nse  .at  the  output 
signal  port.  This  conventional  way  of  ch.aracterizing  the  eU'ctro 
magnetic  susce|)tibility  of  a  device  is  scalar  and  involves  only 
two  ports,  input  and  output.  In  contrast,  MMICs  are  typically 
multiixirt  device's  with  st'veral  RF,  digital,  ground  and  bi|x)lar 
DC  bias  ixirts  and  would  seem  to  warrant  a  vector  characteriza 
tion. 

This  paix'r  presents  a  computer  simulation  mcthcxlology  for  de- 
teniiitiing  elc'ctromagnetic  etivironmental  effects’ saseeptibility 
in  multiport  MMIC.S.  A  LIBRA*  circuit  simulator  computes 
nonlinc'ar  (susceptibility)  rc'S|X)ases  in  mcxlels  of  conlemixiniry 
low  noise  amplifiers  and  power  amplifiers.  Circuit  drivers 
which  simulate  the  environmental  signals  are  mcxleled  as  The 
veiiin  and  Norton  ec|uivalenl  sources  at  the  .accc'ssible  MMIC 
|x)rts,  including  the  signal,  bias  and  ground  |X5rts. 

The  nonlinear  mcxlels  simulate  the  mixing  of  desirc'd  and  unde 
sired  signals  preseiii  at  the  input  |)orl  or  at  any  other  |X)rt  or 
combination  of  ports,  and  crosscoupling  those  contaminated 
signals  to  the  output  [xirl  or  to  any  other  [xirt  or  combination  of 
(xirts.  Iliese  include  signal,  bi.as  and  ground  jwris  in  jxiwerde 
[x'lideiit,  combinations  to  form  a  matrix  or  vector  "susceptibil 
ity"  function  similar  to  a  liiu'ar  imnsfer  function.  Iliis  matrix  of 
effects  includes  susceptibility  data  from  the  accessible  jxirts  (or 
pin  (lairs)  for  most  MMIC  designs  usc'd  in  radar  T/R  nuxiules 
The  resulting  inlemuxlulation  and  cros.snKxlulation  vectiiis  are 
descrilx'd. 

I’nxeedings  IWl  Ciovemment  Micrc'circuit  A|i|)licaiioiisCon 
ference  (C)f)MAC  ')| ),  Novemlvr,  IWI,  Orlando,  I'loiid.i 

*LIBRA  is  a  registered  trademark  of  FMsof  Inc.,  .^(lOI  I.tnderc' 
Canyon  Road.  Westlake  Vlll.ige,  ('A01.R>:  AQ2Q 
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NON  INVASIVE  MEASUREMENT  OF  HPM 
SfflELDING  EFFECTIVENESS 

J.  P.  Quine,  K.  E.  Larson,  and  G.  A.  Wellence,  Rome  Researcli 
Corporation 

A.  J.  Pesta,  M.  F.  Seifert,  Rome  Laboratory,  Electromagnetics 
&  Reliability  Directorate 

Abstract  -  This  paper  describes  a  simple  and  practical  method 
for  tneasuring  HPM  Shielding  Effectiveness  (SE)  without  tlte 
use  of  internal  probes.  The  method  can  be  implemented  if  the 
enclosure  has  at  least  one  hole  on  its  outer  surface  that  is  larger 
than  approximately  one  quarter  wavelength  in  diameter,  the 
limitation  being  measurement  sensitivity.  Leakage  holes  are 
measured  two  at  a  time,  and  can  be  connected  to  a  network  an¬ 
alyzer  by  standard  waveguide  to  coaxial  line  transitions  butted 
aeaitLst  the  outside  surface  of  the  enclosure.  The  magnitudes  of 
it;e  scattering  parameters  S 1 1 ,  S22,  and  S 1 2  are  measured,  and 
used  to  calculate  SE.  Good  agreetnent  was  obtained  between 
the  scattering  ttiethod  and  the  conventional  method  which  em¬ 
ploys  internal  and  external  B  dot  probes. 

In  this  preliminary  proof-of-principle  experiment,  choke  joints 
were  employed  with  the  waveguide  to  coaxial  line  transitions  to 
insure  stable  contact  with  the  relatively  flat  enclosure  surface. 
Tliin-sheet  absorbers  can  also  be  employed  for  stable  contact. 
I’ractical  methods  for  obtaining  reliable  contact  with  curved  en¬ 
closure  surfaces  and  for  coupling  to  larger  holes  will  also  be  dis¬ 
cussed 

1991  IEEE  International  Symposiiun  on  EMC,  Aug  91,  Cherry 
Hill,NJ 

CONDUCTED  SUSCEPTIBILITY  TEST 
TECHNIQUES  FOR  ADVANCED 
TECHNOLOGY  INTEGRATED  CIRCUITS 

Michael  F.  Seifert,  Rome  Laboratory,  Electromagnetics  &  Reli 
ability  Directorate 

John  K.  Daher  and  John  P  Rohrbaugh,  Georgia  Tech  Research 
Iii-stitute 

Abstract  -  In  general,  conducted  susceptibility  tests  are  jrer 
fonned  on  IC's  to  detennine  the  upset  and/or  damage  thresh 
olds  at  sjx'cified  pins  and  also  to  detennine  the  ujrset/damage 
mechanisms  that  occur.  Tliis  pa}x*r  will  focus  on  test  techniques 
for  chanicten/.ing  IC  iqset  thresholds  and  mechanisms.  IJjrset 


mechanisms  include  RF  rectification,  smck-at  or  latch-up  con¬ 
ditions,  and  timing  or  pltase  shifts.  Upset  thresholds  are  rreeded 
to  ilciennine  circuit  hardening  requirements.  The  basic  con¬ 
ducted  susceptibility  test  method  for  both  digital  and  analog  de¬ 
vices  involves:  ( 1 )  summing  an  interference  signal  with  a  func¬ 
tional  test  sig’ial  and  coupling  these  signals  to  the  pin-under-test 
in  a  controlled  manner  and  (2)  monitoring  for  changes  in  func¬ 
tional  perfonnance  as  the  interference  power  is  increased. 

Various  signal  cotnbiner  networks  are  required  to  sum  dre  inter¬ 
ference  and  functional  test  signals.  Key  characteristics  of  signal 
combiners  are  high  isolation  between  input  ports,  wide 
bandwidth,  insensitivity  to  varying  output  load  impedance,  low 
loss,  minimal  propagation  delay,  and  high  power  handling  ca¬ 
pability.  Combiner  networks  which  have  been  successfully  em¬ 
ployed  in  the  past  include  dc  bias  tees,  dual  quadrature  hybrids, 
diplexers,  and  summing  op  amp  combiners. 

Tl>e  definition  of  upset  varies  depending  on  the  device-under¬ 
test,  the  device  application,  and  the  performance  parameter(s) 
of  concern.  For  digital  devices,  the  selection  of  upset  criteria  is 
nonnally  straightforward.  Logic  state  changes  and  timing  vari 
ations  are  common  examples.  For  analog  devices,  however,  the 
selection  of  upset  criteria  is  not  as  clear  and  is  frequently  appli¬ 
cation  dependent.  Examples  of  upset  criteria  used  with  analog 
devices  include  deviations  in  critical  perfonnance  parameters 
such  as  gain,  noise  figure,  input  impedance,  compression  point, 
and  third-order  intercept  point. 

Susceptibility  measurements  are  perfonned  at  input,  output  and 
power/bias  pins.  In  general,  input  pins  (such  as  clock  or  ana¬ 
log/digital  control  pins)  are  the  most  susceptible.  Measuremetits 
are  usually  perfonned  on  packaged  IC's.  However,  measure 
ments  can  also  be  perfonned  at  the  wafer  or  module  levels  of 
development  provided  that  controlled  impedance  paths  are 
m.iintained  to  the  device  pin-  or  pad -under- test  and  bias  eondi 
tions  are  similar  at  each  level  of  fabrication  In  many  cases, 
package  de  emlx'dding  can  be  used  to  either  remove  the  effects 
of  the  device  package  or  add  the  effects  of  the  package  depend 
ing  on  what  level  of  fabrication  measurements  are  pi'rfonned. 

General  descriptions  of  cotiducted  susceptibility  test  technitiues 
and  procedures  were  presented  that  are  applicable  to  digital  (in 
eluding  VLSI)  and  analog  (including  MMIC)  IC’s.  Emphasis  in 
the  pa(x*r  was  tailoreil  to  Aerospace  applications 

Prixeedings  EMC  Expo,  1991.  June,  1991,  Orlando,  IT, 


MINIATURE  ELECTROMAGNETIC  FIELD 
SENSORS 

John  P.  Rohrbaugh,  and  Ron  C.  Alford,  Georgia  Tech  Institute 
Rolfe  E.  Ferrara,  Rome  Laboratory,  Electromagnetics  &  Reli¬ 
ability  Directorate 

Abstract  -  This  paper  describes  the  results  of  a  program  to  as¬ 
sess  the  feasibility  of  developing  a  miniature  electromagnetic 
(EM)  field  monitoring  system,  referred  to  as  an  Electromag¬ 
netic  Performance  Monitor  (EMPM).  The  EMPM  would  be 
used  to  monitor  peak  EM  field  strength  over  a  broad  frequency 
range  (300  MHz  to  1 8  GHz)  in  flight  and  ground  tests  of  air¬ 
craft.  Microwave  interference  in  this  frequency  band  can  cause 
upset  or  damage  to  sensitive  silicon  or  Gallium  Arsenide  elec¬ 
tronics. 

The  EMPM,  once  developed,  would  consist  of  miniature  3-axis 
resistive  dipole  antennas  with  built-in  detectors,  a  summing 
preamplifier,  an  analog-to-digital  converter,  a  fiber  optic  digital 
data  transmitter,  and  a  fiber  optic  power  receiver  less  titan  2 
cubic  inches  in  voliune.  A  data  processing  module  (EMPM  Sig¬ 
nal  Processing  Module)  capable  of  receiving,  preprocessing, 
and  storing  infonnation  from  four  antennas,  occupying  less 
than  2  cubic  inches  (not  including  batteries)  was  also  deter¬ 
mined  to  be  feasible.  The  EMPM  Signal  Processing  Module 
would  also  include  a  laser  used  to  provide  power  to  the  four  an¬ 
tennas.  Tlie  EMPM  could  be  operated  alone  or  in  conjunction 
with  RADC’s  (now  Rotne  Laboratory’s)  Time  Stress  Measure¬ 
ment  Device  (TSMD).  The  TSMD  is  designed  to  monitor  envi¬ 
ronmental  stresses  on  or  within  an  aircraft  and  provide  a  real 
time  stamp  of  the  occurrence  of  the  environmental  stresses.  Tlie 
TSMD  is  not  designed  to  monitor  high  frequency  electromag¬ 
netic  interference. 

Proceedings  1991  Government  Microcircuit  Applications  Con¬ 
ference  (GOMAC-91),  November,  1991,  Orlando,  FL 

INFRARED/MICROWAVE  CORRELATION 
MEASUREMENTS 

J  D  Norgard,  D.  W.  Metzger,  and  M.  Sega,  University  of  Col¬ 
orado 

J.  C.  Cleary,  and  M  F.  Seifert,  Rome  Laboratory,  Electromag¬ 
netics  &  Reliability  Directorate 

Abstract  -  An  Infrared  (IR)  measurement  teclinique  for  deter¬ 
mining  two-dimensional  (2D)  and  three-dimensional  (3D)  mi 
crowave  field  distributions  is  presented.  This  IR  technique  is 
iLsed  to  verify  predictions  made  by  various  numerical  electro- 
magtietic  (EM)  codes.  Tlie  experimental  technique  is  based  on 
IR  tliennal  measurements  of  the  Joule  heating  induced  in  a 


lossy  dielectric  or  resistive  material  used  as  a  calibrated  IR  de¬ 
tection  screen  when  microwave  energy  is  absorbed  by  the 
screen.  An  IR  scanning  system  records  the  thermal  radiation 
from  the  screen.  The  intensity  of  the  microwave  field  is  related 
to  variations  in  the  surface  temperature  distribution.  The  detec¬ 
tion  screen  material  is  of  a  thin,  planar  cortstruction  and,  thus, 
produces  a  2D  map  of  the  microwave  field.  By  moving  the 
screen  along  the  normal  to  its  plane,  samples  of  the  3D  field  are 
obtained.  This  experimental  approach  has  been  applied  to  sev¬ 
eral  2D  and  3D  scattering  and  coupling  problems.  Comparisons 
are  made  between  the  theoretical  and  experimental  results  for 
various  hollow  slit  cylinder  configurations.  The  advantages, 
disadvantages  and  limitations  of  this  IR  thermal  technique  for 
validation  of  EM  theoretical  predictions  are  discussed. 

Proceedings,  1991  Society  of  Photo-Optical  Instrumentation 
Engineers  (SPIE)  International  Symf>osium,  26  Jul  91,  San 
Diego,  CA 


ANTENNA  MEASUREMENTS  FOR 
ADVANCED  AIRBORNE  T/R  MODULE 
ARRAYS 


Johtt  S.  DeRosa,  Rome  Laboratory,  Electromagnetics  &  Reli¬ 
ability  Directorate 

Abstract  -  Advanced  airborne  surveillance  radar  antennas  will 
consist  of  precision  arrays  of  thousands  of  individual  T/R  mod¬ 
ules  and  radiating  elements.  Brassboard  arrays  in  both  confor¬ 
mal  and  nonconformal  configurations  on  the  aircraft  are  cur¬ 
rently  being  developed.  In  order  to  provide  adequate  clutter  re¬ 
jection  for  our  future  needs,  the  antenna  must  exhibit  ultra  low 
sidelobe  perfonnance  as  mounted  on  the  aircraft  platfomi.  The 
detrimental  effects  of  the  aircraft  structure  on  the  antenna  per¬ 
fonnance  becomes  increasingly  important  for  ultra  low  side- 
lobe  antennas.  On-aircraft  measurements  for  these  antennas 
represents  a  major  challenge  to  the  antenna  measurement  com¬ 
munity.  Large  aperture,  high  fidelity  antenna  test  facilities  will 
be  required  which  have  characteristics  which  challenge  the  cur¬ 
rent  state-of-the-art.  In  this  paper,  the  characteristics  of  these  fa¬ 
cilities  are  discussed  and  general  requirements  for  T/R  module 
array  testing  are  considered.  An  antentia  measuretnent  program 
which  was  conducted  at  the  Rome  Laboratory  on  an  exixri 
mental  104  element,  X-band  T/R  module  array  mounted  on  top 
of  a  1/  10th  scale  RC- 1 35  aircraft  is  also  described. 


Proceedings  of  the  1991  Antenna  Measurements  Techniques 
Association,  7- 1 1  Oct  91,  Boulder,  CO 
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MOLECULAR  ENGINEERING  BY  LASER 
CHEMICAL  VAPOR  DEPOSITION  OF  A 
NONLINEAR  INTERFACE  SWITCH 

J.  Chaiken,  Syracuse  University 

J.  Osman,  Rome  Laboratory,  Surveillance  &  Photonics  Direc¬ 
torate 

Aktract  -  Devices  which  have  as  inputs  two  light  pulses  and 
output  a  third  pulse  depending  oti  whether  one  or  both  of  the 
two  inputs  is  present  are  optical  switches.  Although  a  wide  va 
nety  of  design  criteria  must  also  Iv  met  to  allow  construction  ol 
large  scale  optical  computers  and  switching  networks,  discrete 
optical  switches  and  smaller  scale  devices  constructed  using 
them  as  components,  e.g.  multiplexers  and  spatial  light  modula 
tors,  would  find  immediate  application  in  optical  computing 
and  communications.  Originally  proposed  by  Kaplan  in  1972, 
proof  of  priticiple  research  for  the  class  of  optical  switches 
know  n  as  nonlinear  interfaces  was  cotnpleted  over  the  last  sev 
eral  years.  Development  of  practical  devices  based  on  those 
principles  currently  involves  designing  extremely  specialized 
materials  using  thin  film  inorganic  /  organometallic  pho 
torefractive  materials.  I  will  first  give  a  little  background  and 
theti  explain  how  the  switches  work.  1  will  then  describe  the 
curretit  .state  of  our  research  and  give  a  tiear  tenn  progtiosis. 

Pnxeedings,  4th  Chemical  Congress  of  North  America,  August 
2(),  1991 


AN  opi  ic:al  memory  element  for  an 

IM  ECJRATED  OPI ICAL  COMPUTER 

M  Parker,  .S  Libby,  Rome  Lilxjrator)',  .Surveillance  &  Photon 
ICS  Directorate 

P  Swaii-son,  C’oniell  University,  Photonics  Center 

Abstract  -  The  design  and  test  results  of  an  mtegrable  optical 
RS  tlip  flop  is  presented  for  use  .as  ati  optical  memory  element 
111  an  oirtical  processor.  Logic  and  memory  devices  consisting 
of  lasers,  waveguides,  saturable  absorbers  and  detectors  have 
Iveti  integrated  onto  a  wafer  of  Ga/Vs  AlGaAs  multiiiuantum 
well  lietertrstnicture.  Tlie  la.ser  bast'd  memory  element  to  lie  in 
tef.’r.itetl  u.ses  laser  t]uenchmg  for  the  reset  o^x-ratioii  .iiul  the  sat 
uration  of  absorptk)!!  in  multiqu.intum  well  material  for  the  set 
oiieration  I'lie  monolithic  di-velopmeiit  of  this  device  slu'iild 
stTve  as  a  key  coiiHxiiieiit  for  optical  computing  m  future  .Air 
f  orce  technology 


SPOT  ARRAY  GENERATION  AND  OPTICAL 
INTERCONNECTION  USING 
BIREFRINGENT  CRYSTALS 

T.  Stone.  Rutgers  University 

I.  B.atti.ato,  Rome  Laboratory,  Surveillance  &  Photonics  Direc¬ 
torate 

Abstract  -  Tlie  use  of  cascaded  slabs  of  birefringent  materials  is 
investigated  for  spot  array  generation  and  optical  interconnects. 
Experimental  results  and  perfomiance  limitations  are  pre¬ 
sented.  Cascaded  slabs  of  birefringent  crystals  or  prisms  may  be 
used  to  generate  arrays  of  spots  or  to  interconnect  emitting,  re¬ 
ceiving,  or  modulating  devices.  The  input  light  for  e.ach  slab  can 
Iv  unixjlarized,  circul.arly  [xil.arized,  or  polarized  line.irly  at  45° 
to  the  reference  plane  which  is  defined  as  a  pl.ane  which  con 
tains  Ixath  the  ordinary  and  extraordinary  rays.  The  output  light 
for  a  given  stage  is  then  resolved  into  two  linearly  polarized 
othogonal  component  polarizations.  The  crystal  in  the  next 
stage  is  rot.ated  by  45°  so  that  each  linearly  polarized  wave  from 
the  output  of  the  previous  stage  has  components  parallel  and 
per|x?ndicular  to  the  new  reference  plane.  Tliis  process  may  be 
repeated  w  ith  each  stage  doubling  the  ivimber  of  spots  to  be 
formed.  The  thickness  of  each  crystal  slab  st.age  controls  the 
displ.acement  of  the  spots  it  cre.ates.  All  the  stages  may  be  opti 
cally  cotit.icted  or  cemented  to  greatly  reduce  reflections  and 
scatter.  This  technique  may  be  particul.arly  useful  for  sub-arr.ay 
generation  w  here  a  sparse  regular  array  of  be.ims  (e  g.  .as  pro¬ 
duced  by  a  microlaser  .array  with  relatively  w  ide  element  spac- 
ings)  can  lx*  transformed  into  a  much  denser  spot  array  w  ith  ap 
proximately  the  same  lateral  extent. 

PriKeeilings,  O.SA  OFfCON  91 ,  Nov  8,  1991 ,  San  Jose 

OFF  AXIS  BINARY  OFIIC  REFLECTIVE 
FO(T  SING  GRATINGS  FOR  FREE  SPACE 
OUnCAL  INTERCONNECTS 

D.  Mikolas,  U.  Craighead,  and  D.  Brown,  Cornell  University 
f  Haas.  D.  Money,  Rome  I -ilxiratory,  .Surv  eillance  Photonics 
Directorate 

.Abstract  We  present  results  of  the  ilesign,  fabric.ition,  ix-rfor 
malice  prediction  and  testing  of  high  quality  off  axis  binary 
optic  ti'fleclive  focusing  gr.itings  for  interwafer  ofitical  inter 
connects  free  sp.ice  I'ptical  interconnects  can  provide  the  fast, 
highly  p.irallel  d.it.i  channels  needed  for  interwater  comnuini 
c.ition  High  (|u.ility  o[)tical  elements  en.ible  the  use  I't  high 
ilelislty  source/detector  arrays.  We  have  fabricated  and  tested 
multilevel  reflective  gratings  in  Si  U’e  present  the  theoietk.il 
.Hill  e\|x'iinient.il  |>i'rtoini.ince  ol  retleclive  off  .ixis  bin.iiv  op 
Ilc.il  elements,  ,iiid  .i  scenario  for  the  inlegr.itioii  ol  these  de 
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Pr.Keedings,  ()SA()KrCON9l,  Nov  4  8,  IWI,  Salt  Jose 


vices  into  current  liybrid  wafer-scale  cotiiputers.  k/2  and 
cotistatit  phase  surfaces  are  cotnputed,  atid  theti  approxitnaled 
by  sliort  line  seginetits  which  fonn  polygons.  We  will  discuss 
the  tnethods  of  dealing  with  patterning  curved  grating  s.nic 
tures  using  what  are  inherently  rectilitiear  lithography  tools.  We 
will  also  discuss  the  sensitivity  to  overlay  tnisaligtitnent  be¬ 
tween  llie  phase  surfaces  .1  other  unavoidable  fabrication  er 
rors.  Measured  radiation  patterns  for  fabricated  bitiary  optic  re 
flective  focusing  gratitigs  are  cotnpared  to  the  calculated  pat 
tenis  Possible  ititegratioti  itito  current  hybrid-scale  pacloigitig 
schemes  are  disciLssed. 

PuK-eedings,  OSAOFrrON  91,  Nov  .f8,  1991.  San  Jose 

MEASUREMENTS  OF  LIGHT  EMISSION 
DURING  THE  CHARGE-2  ELECTRON 
BEAM  EXPERIMENT 

Neil  H  Myers,  Rotne  Laboratory,  Electroniagtietics&  Reliabil 
ity  Directorate 

W.  John  Raitt,  Physics  Departtnent,  Utah  State  University 

Abstract  The  CHARGE-2  electroti  beatn  soundittg  rocket  ex- 
periinetit  carried  two  phototneters  capable  of  measuring  3914  A 
light  etnissioti.  One  phototneter  viewed  the  region  through 
which  the  electroti  beam  propagated  away  frotn  the  rocket  Tire 
secotid  photometer  was  located  opposite  to  the  electron  gun  ap¬ 
erture  atid  viewed  along  the  vehicle  skin  to  observe  light  etnis 
sioti  iti  the  sheath  due  to  electrotis  accelerated  by  the  vehicle  po- 
tetitial.  Phototneter  tneasuretnents  were  obtained  during  elec- 
troti  etnissioti  frotn  1 15  km  to  262  km.  Tlie  release  of  cold  neu 
trai  tiilrogeti  gas  iticreased  the  light  emission  in  both  the  beatn 
atid  the  sheath  ofteti  by  tnore  tlian  an  order  of  magnitude.  Tlie 
light  etnissioti  measured  by  the  beatn  phototneter  was  linearly 
deixMidetit  oti  the  beam  curretit,  itidicating  that  no  beamplasma 
discharge  occurred.  Tlie  sheath  phototneter  tneasuretnents  de 
creased  as  the  flight  titne  increased,  showitig  a  presutned  de 
^letidence  on  the  outgassing  from  the  rocket. 

American  Geophysical  Unioti  Spring  Meeting,  Baltimore,  MD, 
May  31,  1991 

RECENT  PROGRESS  TOWARDS 
DEVELOPING  A  SUPERCONDUCTING 
MAGNET  FOR  MAGNETIC  BALANCE 
SYSTEMS  USING  IHGII  TC  CERAMIC 
SUPERCONDUCTORS. 

R  J  Atidrews,  Rotne  Ualxiratory,  Electrotnagtietics&  Reliabil 
ity  Directorate 


Alistract  -  Chetiiical  Spray  pyrolysis  lias  the  potetitial  to  syn 
tiles  ^ood  quality  large  area  films  on  irregularly  shaped  sub 
strate  t  extremely  low  cost.  In  this  process  soluble  salts,  (ni¬ 
trates,  acetates,  or  oxylates),  of  the  tnetallic  precursors  are  dis 
solved  iti  solutioti  atid  sprayed  onto  a  heated  substrate.  The  sur¬ 
face  residue  frotn  the  spray  contaitis  salt  cotr.plexes  which,  after 
Iheniial  cyclitig,  are  then  converted  into  metal  oxides.  In  the 
first  phase  of  this  research  Ba-Ca-Cu-O  films  were  prepared 
and  thallous  oxides  w  ere  diffused  into  the  films  to  fonn  super- 
cotiductiiig  phases  of  the  Tl-Ba-Ca-Cu-O  systetn.  In  that  re¬ 
search  it  was  found  that  glycerol  could  be  used  as  a  chemical 
binder  in  the  solutioti  to  tie  all  three  tnetallic  salts  into  a  single 
chemical  complex  atid  later  fused  into  tnicrocrystallites.  Al¬ 
though  these  itiitial  filtns  were  reproducible,  (one  exhibited  a 
phast'  tninsition  (Tc  (p=  0) )  of  111 .5K),  and  detnonstrated  pref¬ 
erential  c-axis  orientation  in  the  plane  of  the  substrate,  phase 
stability  atid  low'  critical  curretit  detisilies  retnaiti  a  problem 

This  research  w  ill  focus  on  resolving  these  problems  by  exam 
initig  experimental  methods  to  improve  the  process,  from  the 
perspectives  of  solution  chemistry,  depositioti  parameters,  ther¬ 
mal  conversioti  and  annealitig.  Materials  issues  related  to  the 
desigti  and  cotistniction  of  a  "flexible"  superconducting  tape 
will  also  be  discussed.  Finally,  the  relatix'e  advantages  of  using 
other  ceratnic  materials,  such  as  the  highly  anisotropic  Bi-Sr- 
Pb-Ca-Cu-O  or  (Nd,Ce)2CU)4<x  systems,  which  can  be 
sprayed  and  tliennally  cycled  in  a  single  ptrocess  sf"’  md  re¬ 
cently  discovered  (Ba,K)BiO,i  systetn,  which  ’  ..opic  su¬ 
perconducting  properties  but  lower  tetnpen.  p..ase  tratisi- 
tiotis,  (Tc(p=  0)  <  30K) ,  will  also  be  contrasted  and  assessed. 

Ititematiotial  Sytn|X5sitini  on  Magnetic  Suspensioti  Technology, 
NASA  Ditigley  Research  Center,  Hampton,  Va.  23665  August 
19  23,  1991 

PROCESSING-  AND  RADIATION- 
PRODUCED  DEFECTS  IN  InP  SOLAR 
CELLS 

P  J,  Drevinsky  atid  C.  E.  Caefer,  Rome  Laboratory,  Electro¬ 
magnetics  &  Reliability  Directorate 
C.  J.  Keavney,  Spire  Corporation 

Abstract  -  This  report  describes  the  detection,  characterization, 
atid  detennination  of  the  stability  of  processing-  and  radiation- 
produced  defects  in  p-type  indium  phosphide  by  means  of  Deep 
Level  Transient  Spectroscopy  (DLTS).  Satnples  consisted  of 
chips  of  solar  cells  and  portions  of  wafers  frotn  which  solar 
cells  were  fabricated.  Irradiations  with  1-MeV  electrons  were  at 
room  tenqx'rature.  Cotnparison  of  defects  detected  in  cells  w  ith 
jutictiotis  fabricated  by  ion  implantation  and  by  epitaxial  tech 
niques  reveals  tnajor  differences.  For  satnples  with  itnplatited 


junctions,  prominent  defects  are  present  in  as-fabricated  cells 
and  are  hole  traps  at  Ev+  0.46  eV  and  +  0.49  eV.  Upon  electron 
irradiation,  the  concentration  of  the  shallower  level  decreases 
and  that  of  the  deeper  one  increases.  Samples  with  epitaxial 
junctions,  however,  showed  no  DLTS  peaks  before  irradiation. 
After  1  -MeV  electron  irradiation,  two  dominant  defects  are  ob¬ 
served  along  with  two  deeper  levels  in  smaller  concentrations. 
The  dominant  defects  have  activation  energies  of  Ev+  0.30  eV 
and  +  0.38  eV.  No  minority  carrier  traps  were  detected.  Studies 
were  mainly  on  samples  with  epitaxial  junctions.  The  carrier  re¬ 
moval  rate  after  a  fluence  of  l.OE+16  electrons/cm^  was  3.4. 
Effects  of  thermal  and  injection  anneal  on  DLTS  samples  and 
companion  solar  cells  will  be  presented.  Defects  were  corre¬ 
lated  with  critical  parameters  of  solar  cells. 

Third  International  Conference  on  Indium  Phosphide  and  Re¬ 
lated  Materials,  April  1991,  Cardiff,  Wales,  U.K. 

EVIDENCE  FOR  PHASE  SEPARATION  IN 
Bi-Ca-Sr-Cu-O  SYSTEM 

Osama  H.  El-Bayoumi,  Rome  Laboratory,  Electromagnetics  & 
Reliability  Directorate 

Abstract  -  A  glass-crystallization  route  has  been  widely  used  to 
fabricate  superconductors  in  the  Bi-Ca-Sr-Cu-O  system.  The 
microstructure  of  a  glass  is  important  because  it  affects  the  nu- 
cleation  and  crystallization  processes  during  the  crystallization 
of  a  glass.  Glasses  were  prepared  by  mixing  appropriate  pow¬ 
ders,  melting  and  splash  quetKhing.  The  resulting  glass  showed 
phase  separation  by  XRD,  DTA,  and  TEM.  The  results  of  a  de¬ 
tailed  study  of  phase  separation  will  be  presented.  In  addition, 
the  effect  of  phase  separation  on  crystallization  will  abo  be  dis¬ 
cussed. 

American  Ceramic  Society  Annual  Meeting,  Cincinnati,  OH, 
April  28-May  2,  1991 

MICROSTRUCTURE  DEVELOPMENT  OF 
Bi-BASED  HIGH  Tc  SUPERCONDUCTORS 
FROM  A  GLASS  CERAMIC  ROUTE 

Osama  H.  El-6ayoumi,  Rome  Laboratory,  Electromagnetics  & 
Reliability  Directorate 

Abstract  -  The  fabrication  of  high  Tc  materials  in  the  Bi-Ca-Sr 
-Cu-O  system  with  oriented  microstructure  via  glass-ceramic 
route  is  limited  by  inhomogeneities  in  the  melt-quenches 
glasses  due  to  phase  separation  and  unmelted  CaO-rich  phase. 
Homogeneous  glass  is  necessary  for  controlled  nucleation  and 
unidirectional  crystallization  of  a  desired  phase.  In  this  report, 
we  present  our  recent  efforts  in  the  Pb-doped  Bi-Ca-Sr-Cu-O 


system  w.r.t.  homogeneity  of  the  glass,  phase  development  and 
microstmcture  control 

American  Ceramic  Society  Annual  Meeting,  CitKinnati,  OH, 
April  28-May  2, 1991 


SURFACE  IMPEDANCE  MEASUREMENTS 
OF  THIN  FILM  SUPERCONDUCTORS  AT 
MILLIMETER  WAVE  FREQUENCIES 

J.  S.  Derov,  C.  Chin,  A.  Drehman,  and  R.  J.  Andrews,  Rome 
Laboratory,  Electromagnetics  &  Reliability  Directorate 
E.  Cohen,  ARCON  Corporation 

Abstract  -  The  surface  impedance  of  thin  superconducting 
films  has  been  measured  at  millimeter  wavelengths.  The  copper 
cavities  were  used  to  measure  the  temperature  dependence  of 
the  superconducting  thin  films  at  35,  52,  and  56  GHz  and  nio¬ 
bium  cavities  at  the  same  frequencies  were  used  to  measure  the 
frequency  dependence  at  4  K.  The  4  K  measurement  was  used 
to  establish  a  lower  limit  for  the  surface  resistance  of  the  tem¬ 
perature  dependence.  A  f^  model  was  used  to  fit  the  frequency 
dependence  of  the  measurements.  Superconducting  films  vary¬ 
ing  in  thickness  from  1 .7  to  0.3  microns  were  measured.  When 
the  film  thickness  and  the  penetration  depth  are  on  the  same 
order  magnitude  radiation  leakage  occurs  though  the  sample. 
This  causes  an  increase  in  the  measured  value  of  the  surface  re¬ 
sistance.  The  measured  surface  resistance  data  has  been  cor¬ 
rected  for  radiation  loss.  This  data  will  be  {presented  and  dis¬ 
cussed,  along  with  the  surface  reactance  measurements  made  at 
35  GHz. 

*  This  work  supported  by  the  RADC  Laboratory  DirectOT’s 
Fund. 

American  Physical  Society  Meeting,  March  1991,  Cincinruti 
Ohio 

Y-Ba-Cu-O  S-N-S  JUNCTIONS 

A.  J.  Drehman,  B.  L.  MacDonald  and  R.  J.  Andrews,  Rome 
Laboratory,  Electromagnetics  &  Reliability  Directorate 
P.M.  Tedrow*,  FrarKis  Bitter  National  Magnet  Laboratory. 

Abstract  -  In  order  to  make  practical  SQUID’s  and  related  cir¬ 
cuitry,  it  is  necessary  to  be  able  to  make  Josephson  weak  links 
in  a  reproducible  manner  without  having  to  rely  on  substrate  de¬ 
fects.  We  have  made  trilayer  S-I-S  structures  which  exhibit  a 
high  resistivity  (>  10^  ohm-cm  at  200  K)  for  a  20  to  200  nm  in¬ 
sulating  layer.  By  utilizing  an  ion  milled  via  through  the  insula¬ 
tor,  the  superconducting  layers  are  connected  with  a  thin  film  of 
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gold  to  fonn  an  S-N-S  junction.  This  teclmique  pennits  the 
study  of  the  insulating  layer’s  qua’ !y  prior  to  device  fabrica¬ 
tion,  These  Junctions  support  a  sr.  -  'urrent  through  the  gold. 
The  electrical  pfoperties  of  these  a  dons  will  be  presented. 

*Air  Force  University  Research  Fellow  at  Rome  Air  Develop¬ 
ment  Center. 

American  Physical  Society  Meeting,  March  1991,  Cincinnati, 
Ohio 

PERFORMANCE  MEASUREMENTS  OF  AN 
ACTIVE  APERTURE  PHASED  ARRAY 
ANTENNA 

Livio  D.  Poles,  Edward  Martin,  and  James  Kenney,  Rome  Lab 
oratory.  Electromagnetics  &  Reliability  Directoi.  e 

At  tract  -  Transmit  and  receive  modules  (T/R)  utilizing  GaAs 
motiolithic  microwave  integrated  circuit  (MMIC)  technology 
for  amplifiers,  attenuators,  and  phase  shifters  are  becoming  in¬ 
tegral  components  for  a  new  generation  of  radars.  These  com¬ 
ponents,  when  used  on  the  aperture  of  low  sidelobe  electroni¬ 
cally  steerable  antermas,  require  careful  alignment  and  calibra¬ 
tion  at  multiple  stages  along  the  RF  signal  path.  This  paper  de¬ 
scribes  the  calibration  techniques  used  to  measure  the  perfor¬ 
mance  of  an  active  64  element  S-band  phased  array  antenna 
that  employs  TR  modules  at  every  element.  RF  component  per- 
fonnance  and  phased  array  sidelobe  characteristics  are  pre¬ 
sented  and  discussed. 

Proceedings  of  the  fourteenth  Antenna  Measurement  Tech¬ 
nique  Association,  October  1991,  Boulder,  Colorado 

INTEGRATED  C3I  OPTICAL  PROCESSOR 

Robert  L,  Kaminski,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 


Abstract  -  This  paper  will  disciKs  the  integration  of  optica'^op- 
toelectronic  processing  functions  capable  of  operating  on  mul¬ 
tiple  C3I  signals/data  such  as,  surveillance.  Electronic  Support 
Measures  (ESM),  communication,  intelligence,  imaging.  The 
processor  will  operate  on  a  broad  spectrum  of  signals  (HF  to  IR) 
provided  by  multispectral  passive  sensors,  bistatic  ESM,  IR 
cameras,  and  multi -mode/band  radar.  The  developed  processor 
will  support  processing  requirements  for  multifunction  airborne 
surveillance  and  advanced  space  sensor  systems.  In  addition, 
this  paper  will  examine  optical  processors  for  adaptive  null 
steering,  adaptive  beamfonning,  signal  excision,  and  general 
purpose  computation. 

The  design  of  tliis  processor  will  be  based  on  utilizing  the  mas¬ 
sive  parallelism  provided  by  optical  interconnects  and  switches 
in  addition  to  all  optical  memory  for  high  volume  but  small 
size.  Rapid  access  and  interconnection  of  memory  to  the  pro¬ 
cessor  and  its  attendant  effect  will  be  critical  to  the  design.  The 
processor,  as  envisioned,  will  be  capable  of  delivering  greater 
than  one  trillion  operations  such  as  content  addressable  mem¬ 
ory  comparisoirs,  per  second  throughput  arxl  will  utilize  three- 
dimensional  optical  memory  and  optical  interconnects  in  the 
implementation.  The  processor  will  be  hybrid,  marrying  digital 
electronic  modules  enhanced  by  optical  interconnects,  optical 
switches  and  optical  memory  to  achieve  a  highly  interactive, 
rapidly  reconfigurable  machine.  This  high  perfotmatKe  optical 
processor  will  be  able  to  integrate  the  following  C3I  systems; 
Automatic  Signal  Identification,  Null  Steering  in  high  density 
jammer  environments.  Low  Observable  Target  Signals  Pro¬ 
cessing,  and  Imagery. 

"Integrated  C3I  Optical  Processor,"  Robert  L.  Kaminski,  July 
1991,  Proceedings  of  the  International  Society  for  Optical  En¬ 
gineering,  Volume  1564 
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F.  PHOTONICS 


OFI  K'AL  PHASE  CONJIKJ ATION  WITH  A 
SODII  M  RAMAN  LASER 

J  Doiiouhiu-,  lulls  I'liivorslly 

I  S  Kaiif  "I  R  R  Ilt-iiiiiuT,  Rome  I^iUmitory,  lileelromat: 
iieties  i<:  Rellaoility  Directorate 

Ahstniet  Rev  Uilv,  there  has  Ix-eti  increased  interest  in  the  use 
of  res.i  iit  't:>:;iic  systems  for  [^x'rfonning  optical  wavefront 
conjui:  i  :oi!  fills  interest  has  arisen  because  resonant  systems 
are  mlu  leiiil;.  last,  \^  ith  response  times  in  the  nanosecond 
ringe  llowe\er,  resonant  systems  tend  to  have  lower  efficieti 
cies  and  greater  optical  power  requirements  tlian  do  pho 
torelnictive  crystals,  such  as  BaTiO.i  In  this  pa[x'r,  we  explore 
the  |Mssihility  of  using  a  highly  efficient  R.aman  laser  iti  a  so 
ilium  \a(x’r  cell  to  obtain  efficient  phtcse  conjugation  at  greatly 
reduced  o|)tical  [xiuer  densities.  In  this  demotLstratlon  we  use  a 
si'lt  pumix'd  (Ime.ir  cavity  )  conjugatcr  for  simplicity  With  this 
setup,  we  ha\e  achieved  pha.se  sonjugnte  reflectivities  of 
with  input  [xiwers  of  only  20  W/cm‘ .  'fliis  is  only  2f?  of  the  op 
tic.il  power  tlensity  previously  reixirted  to  obtain  comparable 
rellectivity  with  a  self  pum(X'd  scheme  in  sodium  va^xtr, 

Rux  eeilings,  1991  Annual  Meeting,  Optical  Society  of  America 

IMPACT  OE  SECONDARY  CENTERS  ON 
THE  \VA\  ELENGTH  DEPENDENCE  OF 
THE  PHOTOREERACTIVE  EFFECT  IN 
BARIIM  TITANATE 

(ieorge  A  Hrost,  Rome  Lalxsnitory,  Surveillance  A;  Photonics 
Directorate 

Al>stracl  We  discicss  the  impact  of  secondary  centers  on  the 
wavelength  dependence  of  the  pliotorefracti ve  effect  in 
Ba'l'iO.i  llie  presence  of  those  tnqrs  cati  lead  to  such  results  as 
a  wav  eletigth  deix-tident  effective  empty  trap  coticetitratioti 

Conleretice  on  Dasen.  e  llectro  Optics  (CLIiO),  12  17  May 
'91  iti  B.iltimore,  MD,  /99/  Technical  Digest  Senes  Volume  10, 
Conference  Feliiion 

PHO  rOREERACTIVE  DEAMPLIFICATION 
FOR  ARTIFACT  NOISE  REDUCTION 

Jehad  Khoiirv  and  Mark  Cronin  Golomb,  rilectri>  Optics  Tech 
nologv  Center,  Tufts  University 


Charles  1..  Wvxxls,  Rome  Lalxvratory,  Electromagnetics  &  Reli 
ability  Directorate 

Abstract  Matty  o[)tical  image  processing  operations  such  .is 
edge  enhancement  may  bt'  performed  by  suitable  litiear  spatial 
litters  A  broader  class  of  operatiotis  is  made  available  by  ex 
tending  this  technique  to  nonlinear  filters  An  example  of  this  is 
the  irsi-  ot  a  logarithmic  nonlinearity  for  conversion  of  multipli 
cative  to  avlditive  noisiv  In  thi .  work,  we  demonstrate  that  phase 
preserv  ing  thresholding  in  the  Eourier  plane  which  linearly 
transmits  signals  alxave  a  certain  intensity,  reduces  additiv  e  sig 
nal  dependent  noise,  such  as  noise  from  coherent  artifacts, 
image  defects  and  iinifonniiy  noise. 

Published  in  0,SA  Topical  Meeting  on  Photorefractive  Materi 
als  and  Devices  Conf  Proceedings,  July  1991  (Conf -Bev  erly, 
MA) 


MULTIPLIC  ATIVE  TO  ADDITIVE 
SPEC  KLE  NOISE  CONVERSION  VIA 
PHASE  CANCELLATION  WITH 
PHOTOREFRACTIVE  PHASE 
CONJUGATORS 

J  A.  Khoiiry  and  M.  Cronin-Golomb,  Tufts  University,  Electro- 
Optics  Tt'chnology  Center 

A  M.  Biemacki,  Charles  Stark  Draper  Laboratory,  Inc. 

Clurles  L.  Wvxxls,  Rome  Ivaboratory,  Electromagnetics  &  Reli¬ 
ability  Directorate 

Abstract  -  A  new  technique  for  dealing  with  multiplicative 
com[)lex  speckle  noise  on  coherently  imaged  amplitude  objects 
IS  presented.  This  technique  uses  phase  cancellation  via  qua 
dratic  nonlinearity  to  convert  the  multiplicative  noise  into  addi 
live  noise  on  the  Eourier  spectnun.  This  is  accomplished  using 
a  noisy  image  as  the  pump  .and  a  clean  pl.anar  reference  be.im  as 
the  prolx*  in  a  degenerate  four-wave  mixing  phase  conjugator. 
The  counler()ropagaling  pump  is  provided  by  the  plwse  conju¬ 
gate  ol  the  noisy  image  from  a  total  internal  reflection  self 
pum(x*d  ph.ase  conjug.ator  w  hose  input  is  the  noisy  image  trans 
mitted  through  the  first  crystal.  Tlie  phase  conjugate  output  is 
reail  off  from  the  clean  probe;  the  remaining  noise  on  the  Fou 
rier  spectrum  of  the  ouljtut  image  is  additive  and  can  be  re 
moved  by  nonlinear  filtering  in  the  Fourier  plane. 

Published  in  O.SA  Topical  Meeting  on  Photorefractive  Mated 
als  and  Devices  Cvriif  Prvx'eeding,  July  1991  (Conf.  Beverly, 
MAJ 
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FORCES  ON  THREE-LEVEL  ATOMS 
INCLUDING  TRAPPED-STATE 
CONTRIBUTION 

M.  S.  Shahriar,  Massachusetts  Institute  of  Technology,  Re¬ 
search  Laboratory  of  Electronics 

P.  R.  Heinmer,  Rome  Laboratoty,  Electromagnetics  &  Reliabil¬ 
ity  Directorate 

N.  P  Bigelow  and  M.  G.  Prentiss,  AT&T  Bell  Laboratories 

Abstract  -  In  this  paper  we  present  a  new  calculation  of  the 
force  on  a  stationary  three-level  atom  in  a  bichromatic  standing- 
wave  light  field.  Contrary  to  other  theoretical  treatments,  which 
ignore  optical  putnping  into  the  tapped  state,  we  find  that  a  sta¬ 
tionary  atom  experiences  no  force  when  there  is  no  difference 
frequency  detuning  (i.e.,  when  A  =  0).  However,  when  there  is 
a  nonzero  differential  detuning  (A  *  0)  there  can  be  force  com¬ 
ponents  that  vary  in  both  the  wavelength  of  the  optical  fields 
and  their  beat  wavelength.  This  stimulated  force  can  be  much 
larger  than  the  maximum  spontaneous  force  associated  with 
this  system.  To  obtain  a  simple  physical  interpretation  of  this 
force,  the  problem  is  treated  in  a  basis  that  is  formed  from  sytn- 
metric  |  +  )  and  antisymmetric  |  - )  linear  combinations  of  the 
atomic  ground  states."^ 

Proceedings,  1991  Annual  Meeting,  Optical  Society  of  Amer¬ 
ica 

mCH-PERFORMANCE  OPTICAL  DISK 
SYSTEM  FOR  TACTIC AL  APPLICATIONS 

Mr.  Fred  Haritatos,  Rome  Laboratory,  Intelligence  &  Recon¬ 
naissance  Directorate 

Abstract  -  Optical  disk  storage  offers  several  advantages  which 
are  critical  to  tactical  military  applications.  These  advantages 
include:  high  data  storage  capacity,  immunity  to  head  crashes 
and  data  loss  due  to  vibration  and  shock,  fast  random  data  ac¬ 
cess,  removable  recording  media  and  reduced  susceptibility  to 
nuclear  radiation  effects.  In  order  to  fully  develop  and 
demonstrate  these  inherent  features,  an  R&D  program  was  ini¬ 
tiated  entitled:  Tactical  Optical  Disk  System  (TODS).  Under 
this  program,  a  suite  of  three  Advanced  Development  Models 
(ADM)  will  be  developed,  flight  tested  and  transitioned  to  the 
Air  Force .  A  rewritable  storage  material,  based  on  magneto-op 
tics  (M-O)  technology,  was  selected  since  it  provides  a  user 
with  the  ability  to  read,  write  and  erase  digital  data.  Currently, 
the  TODS  equipment  suite  will  use  both  5.25  and  14-inch  diam¬ 
eter  recording  material  on  a  glass  substrate  for  better  perfor¬ 
mance  under  military  conditions 


SPIE  Conference  on  Optical  Data  Storage  ’9 1 ,  Vol.  1499, 25-27 
Feb  91. 

THE  BERYLLIUM  SCATTER  ANALYSIS 
PROGRAM 

J.  L.  Behlau,  E.  M.  Granger,  J.J.  Hannon  and  M.  Baumler,  East¬ 
man  Kodak  Company,  Federal  Systems  Division 
J.  F.  Reilly,  Rome  Laboratory,  Surveillance  &  Photonics  Direc¬ 
torate 

Abstract  -  Many  groups  today  are  researching  the  characteris¬ 
tics  of  beryllium,  in  an  attempt  to  find  ways  of  producing  high 
quality  (low  scatter)  stable  beryllium  optics.  This  papjer  dis¬ 
cusses  a  two  part  study  in  which  1 )  an  attempt  is  being  made  to 
detennine  the  best,  raw  beryllium  mixture  and  pjreparation,  ma¬ 
chining  and  polishing  processes,  test  and  analysis  methods,  and 
2)  a  pjropxsed  model  for  the  pjrediction  of  scatter  from  beryllium 
surfaces  (based  on  a  knowledge  of  surface  and  subsurface  inter- 
actioirs  with  incident  wavelengths)  will  be  refined  against  em¬ 
pirical  data.  We  discuss  design  of  the  expaeriment,  the  model, 
and  sotne  of  the  early  results. 

218  /  SPIE  Vol.  1530  Optical  Scatter;  Applications,  Measure¬ 
ment,  and  Theory  (1991) 

NON-LINEAR  OPTICAL  BEHAVIOR  OF 
GLASSES  AND  QUANTUM  CLUSTERS  IN 
GLASS 

Osama  H.  El-Bayoumi,  Rome  Laboratoty,  Electromagnetics  & 
Reliability  Directorate 

Abstract  -  Optical  non-linear  behavior  in  solids  results  from  a 
variety  of  pjrocesses  which  affect  their  local  px>larizability.  This 
papjer  reviews  3  major  sources  of  non-linear  optical  behavior 
based  on  the  3rd  order  susceptibility  in  glasses  and  glasses  con¬ 
taining  semiconductor  quantum  clusters,  and  one  source  of 
electro-optical  behavior  based  on  the  second  order  suscepjtibil- 
ity.  Recent  measurements  on  silica-germania  glasses  which 
support  tlie  fonnation  of  permanent  optical  gratings,  on  heavy 
cation  and  anion  glasses  with  large  Kerr  effect,  on  doped 
glasses  with  notable  two  photon  absorp)tion  and  on  semicon¬ 
ductor  quantum  dots  in  glass  are  rejx>rted.  The  mechanisms  of 
optical  non-linearity  and  the  relative  change  in  the  refractive 
index  and  absorption  coefficient  associated  with  each  ptrocess 
are  discussed. 

5th  International  Conference  On  Ultrastructure  Processing  17- 
21  February  1991,  Orlando,  Florida 
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AN  APPLICATION  OF  OPTIC AL  SIGNAL 
PROCESSING:  FINGERPRINT 
IDENTIFICATION 

Ketineth  H.  Fielding,  Joseph  L.  Horner,  and  Charles  K. 
Makekau,  Rome  Laboratory,  Electromagnetics  &  Reliability 
Directorate 

Abstract  -  We  describe  an  optical  fingerprint  identification  sys¬ 
tem  that  optically  a^ads  a  latent  fingerprint  for  correlation  using 
a  binary  joint  transform  correlator,  llie  fingerprint  is  read  using 
the  total  internal  reflection  property  of  a  prism.  The  system  was 
built,  tested,  and  the  experimental  results  are  presented. 

SPIE  Proceedings,  1991 

VARIABLE  TIME  DELAY  FOR 
RF/MICROWAVE  SIGNAL  PROCESSING 

Edward  N.  Toughlian,  Rome  Laboratory,  Surveillance  &  Pho¬ 
tonics  Directorate 

Henry  Zmuda,  Stevens  Institute  of  Technology,  Department  of 
Electrical  Engineering 

Abstract  -  This  paper  addresses  the  problem  of  dynamic  optical 
processing  for  the  control  of  phased  array  antennas  The  signif¬ 
icant  result  presented  is  the  demonstration  of  a  continuously 
variable  photonic  RF/microwave  delay  line.  Specifically,  it  is 
shown  that  by  applying  spatial  frequency  defiendent  optical 
phase  compensation  in  an  optical  heterodyne  ptrocess,  variable 
RF  delay  can  be  achieved  over  a  prescribed  frequency  band. 
Experimental  results  which  demonstrate  the  performance  of  the 
delay  line  with  regard  to  both  maximum  delay  and  resolution 
over  a  broad  bandwidth  are  presented.  Additionally,  a  spatially 
integrated  optical  system  is  proposed  for  control  of  phased  array 
antennas.  The  integrated  system  provides  mechanical  stability, 
essentially  eliminates  the  drift  problems  associated  with  free 
space  optical  systems,  and  can  provide  high  packing  density. 
This  approach  uses  a  class  of  spatial  light  modulator  known  as 
a  deformable  mirror  device  and  leads  to  a  steerable  arbitrary  an¬ 
tenna  radiation  pattern  of  the  true  time  delay  type.  Also  consid¬ 
ered  is  the  ability  to  utilize  the  delay  line  as  a  general  photonic 
signal  ftrocessing  element  in  an  adaptive  (reconfigurable)  trans¬ 
versal  frequency  filter  configuration.  Such  systems  are  widely 
applicable  in  jammer/noise  canceling  systems,  broadband 
ISDN,  spread  spectrum  secure  communications  and  the  like. 

SPIE  Vol.  1476  Optical  Technology  for  Microwave  Applica 
tions  V  ( 1991 ) 


BINARY  PHASE  ONLY  FILTER 
ASSOCIATIVE  MEMORY 

Jonathan  S.  Kane,  Phil  Hemmer,  and  Charles  Woods,  Rome 
Laboratory,  Electromagnetics  &  Reliability  Directorate 
Jehad  Khoury,  Electro-Optics  Technology  Center,  Tufts  Uni¬ 
versity 

Abstract  -  An  associative  memory  is  implemented  using  a  Bi¬ 
nary  Pliase  Only  Filter  as  the  memory  element.  In  the  current 
architecture,  if  the  input  contains  any  part  of  the  set  of  stored 
memories,  tlien  the  entire  set  is  retrieved  at  the  output.  In  addi¬ 
tion,  the  sharp  autocorrelation  peak  and  the  high  signal  to  noise 
ratio  allows  operation  without  necessitating  a  thresholding  de 
vice. 

SPIE  Vol.  1564  Optical  Infomiation  Processing  Systems  and 
Architectures  III  ( 1 99 1 ) 

SILICON-GERMANIUM  AND 
SILICON-ON-INSULATOR  INTEGRATED 
OPTICS 

R.  A.  Soref,  Rome  Laboratory,  Electromagnetics  &  Reliability 
Directorate 

F  Nainavar,  Spire  Corporation 

Abstract  -  Silicon-based  opto-electronics  is  an  important 
emerging  area  of  integrated  optics  with  military  applications. 
The  guided  wavelength  range  is  1.2-  20  pm.  We  believe  that 
SiGe-on-Si  and  Si-on-Si02-on-Si  are  practical  waveguide 
"strategies".  SOI  offers  tight  confinement  of  optical  modes, 
sharp  waveguide  bends,  and  <  5  db/cm  loss  when  the  Si  defect 
density  is  kept  low.  SiGe/Si  offers  loose-to-tight  mode  binding 
(depending  upon  the  Ge  concentration)  and  <  3  db/cm  loss. 
SiGe/Si  also  opens  a  range  of  heterostructure  strategies.  Optical 
modulation  and  switching  are  provided  by  the  free-carrier 
plasma  effect  in  Si  and  SiGe  (not  including  the  new  effects  in 
Si-Ge  superlattices).  Modulation  is  proportional  to  tlie  electrical 
depletion,  accumulation,  or  injection  of  electrons  and  holes. 
The  thenuooptic  effect  can  also  be  applied  to  modulation  and 
switching. 

We  have  obtained  1.3  pm  guiding  in  a  1500  A  CVD  layer  of 
Geo  ixSio  s2  buried  2  pm  beneath  the  surface  of  a  Si  w  afer,  and 
we  simulated  the  operation  of  a  1.55  pm  waveguided  npn 
Si/GeSi/Si  heterojunction  bipolar  transistor,  finding  that  a  400 
pm-long  device  would  give  10  dB  of  intensity  modulation  at 
10*^  electrons/cm'  injected  into  the  GeSi  base.  We  also  investi¬ 
gated  vertical  coupling  and  3D  integration  of  Si  waveguides  in 
a  6  layer  Si02  Si-Si02-Si  Si02-Si  structure  fabricated  by 
SIMOX  and  epitaxy.  Independent  1.3  pm  guiding  on  two  Si 
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levels  v'.as  observed  when  llie  intervening  oxide  was  3600  A 
tliick;  blit  the  guided  inodes  became  coupled  between  Si  levels 
for  a  1 200  A  oxide  separation.  Currently,  we  are  combining  SOI 
with.  SiGe  by  growing  a  selective-area  Sio.sGeo  .s  layer  on  an 
SOI  waveguide  for  1.3  pm  photodetection. 

Workshop  on  Integrated  Optics  for  Military  Applications, 
Huntsville,  Alabama,  8  May  1991 

ELECTRO  MECHAMCAL  OPTICAL 
SWITCHING  AND  MODULATION  IN 
MICRf  MACHINED 

SILICON-ON-INSULATOR  WAVEGUIDES 

R.  Watts  and  A.  L.  Robinson,  Solid  State  Electronics  Labora 
tory,  Universi'v  of  Michigan 

R.  A.  Soref,  Rome  Laboratory,  Electromagnetics  &  Reliability 
Directorate 

Abstract  -  Novel  monolithic  waveguide  stnictures  are  proposed 
for  optical  modulation,  switching  and  opto-mechanical  trans 
duction  using  silicon-on-insulator  technology.  With  etched  well 
techniques,  the  silicon  core  of  a  silicon-on-silicon  dioxide  clian- 
nel  waveguide  is  fonned  into  active  optical  devices  which  use 
mechanical  deflection  to  alter  the  guided  wave.  Two  basic  de¬ 
vices,  the  micro-cantilever  beam  and  the  micro-bridge  have 
been  modelled  and  analyzed.  This  paper  is  a  theoretical  evalua¬ 
tion  of  the  voltage-controlled  optical  modulation  and  switching 
properties  of  these  two  devices. 

1991  IEEE  Silicon-on-Insulator  Workshop,  Vail,  Colorado,  Oc 
tober  1'/ >t 

NEA  K  i  R  AND  VISIBLE 
PIKVIOLUMINESCENCE  STUDIES  OF 
POROUS  SILICON 

C.  H.  Pciry  and  E.  LU,  Northeastern  University 
E  Namavarand  N.  M.  Kalkoran,  Spire  Corporation 
R.  A  Soref,  Rome  Laboratory,  Electromagnetics  &  Reliability 
Directorate 

Abstract  -  We  report  photoluminescence  emission  and  photolu 
minescence  excitation  studies  of  porous  silicon  obtained  from 
/r-type  Si(  1 1 1 )  wafers  over  the  range  of  0.9-3.0  eV  (-  400-  14CX) 
nm).  Strong  IR  emission  above  and  below  the  bulk  silicon  band 
gap  at  ~  1 .09  eV  ( 1 1 35  nm)  at  300  K  was  observed.  Tliis  himi 
nescence  due  to  intrinsic  band-to-band  recombination,  was 
found  to  be  enhanced  by  two  orders  of  magnitude  or  more  over 
the  IR  spectnim  from  an  unanodized  wafer.  The  visible  lumi 
nescence  peak  that  has  been  attributed  to  quantiun  confinement 
effects  in  [xirous  silicon  was  located  at  1  8  eV  (689  nm).  We 


studied  the  high  intensity  IR  and  visible  PL  in  detail  as  a  func¬ 
tion  of  temperature  (4  700  K),  laser  excitation  energy  (1.96- 
3.80  eV ),  :ind  laser  |xn\. er  (0  1  - 1000  mW).  Tire  measured  shift 
in  the  bulk  silicon  band  gap  was  approximately  linear  from  300- 
7(X)  K  (  0.22  meV/K),  while  the  visible  peak,  red-shifted  by  - 

- 1 .24  meV/K  over  the  same  range.  Below  300  K  they  both  had 
comparable  temperature  dependences.  The  visible  PL  was  in¬ 
vestigated  at  room  tempi'iature  in  magnetic  fields  up  to  15  T;  no 
discernible  shift  in  the  peak  position  or  change  in  the  peak  in¬ 
tensity  w  as  observ  ed. 

Symposium  AAof  the  1991  Eal.  Meeting  of  the  NL.i..ials  Re¬ 
search  Society,  Boston,  MA,  December  3,1991 

CARRIER  INDUCED  CHANGE  IN 
REFR/\CTI\T:  INDEX  OF  Si, SiGe,  InGaAsP 
AND  APPLICATIONS  TO  LOW-LOSS 
PHASE  MODULATORS  AND  SWITCHES 

Richard  Soref,  Rome  Laboratory,  Electromagnetics  &  Reliabil¬ 
ity  Directorate 

Abstract  -  Electrical  "manipulation"  of  charge  carriers  is  a 
promising  way  to  get  electrooptical  modulation  and  switching 
in  semiconductors.  The  prospects  for  devices  are  "good"  in 
group  IV  semiconductors  (Si,  Ge,  SiGe  alloys)  and  "better"  in 
III- V  semiconductors.  The  advantage  of  GaAs  and  InP  materi¬ 
als  stems  from  their  direct  gap  compared  to  the  indirect  gap  of 
Si  and  Gc.  Although  the  free-carrier  plasma  effect  is  sizeable  in 
both  Group  IV  and  III-V  materials,  this  effect  is  augmented  in 
Ill-Vs  by  bandfilling  and  bandgap  renormalization  effects. 
However,  the  plasma  effect  stands  virtually  alone  in  Si  and  Ge. 
The  properties  of  bulk  semiconductors  differ  from  their  quan¬ 
tum-confined  counterparts,  and  the  features  of  superlattice  and 
multiple-quantum-well  structures  are  both  unique  and  powerful 
in  applicatiotis.  However,  since  other  speakers  will  deal  exten¬ 
sively  with  quantum-confined  structures,  I  shall  focus  on  what 
can  be  done  with  bulk  materials.  I  will  review  the  carrier-in¬ 
duced  changes  in  the  complex  index  (An  +  i  Ak)  of  Si,  Ge,  SiGe, 
InP,  GaAs,  and  InGaAsP  in  tlie  1.3  -  1.6  pm  fiberoptic  wave¬ 
length  range,  presenting  mainly  theoretical  predictions  and  a 
few  experimental  results.  The  real  index  of  refraction  was  ob¬ 
tained  from  Kramers-Kronig  inversion  of  differential  absorp¬ 
tion  spectra.  I  shall  illustrate  the  application  of  these  index 
changes  to  optical  modulation  and  switching  in  channel- 
waveguide  stnictures  such  as  the  interferometric  Mach-Zehn- 
der  intensity  modulator  and  the  2x2  balanced-bridge  switch. 
Tlic  waveguided  Si/SiGe/Si  heterojunction-bipolar-transistor  is 
another  promising  electrooptic  device. 

Mini  Symjxisium  on  Optical  Modulation  using  Semiconductor 
Pla.smas,  Grasmere,  England,  September  17,1991 
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NON-LINEAR  OPTICAL  PROCESSES  IN 
GLASSES  AND  GLASS-BASED 
COMPOSITES 

Osama  H.  El-Bayoumi,  Rome  Laboratory,  Electromagnetics  & 
Reliability  Directorate 

Abstract  -  Optical  non-linear  behavior  in  solids  results  from  a 
variety  of  processes  which  affect  their  local  polarizability.  This 
paper  reviews  major  sources  of  non-linear  optical  behavior 
based  on  the  3rd  order  susceptibility  in  glasses  and  glasses  con¬ 
taining  semiconductor  clusters,  giving  examples  from  our  own 
studies.  The  mechanisms  of  optical  non-linearity  and  the  rela¬ 
tive  change  in  the  refractive  index  and  absorption  coefficient  as¬ 
sociated  with  each  process  are  discussed. 

VII  Intematiorral  Confererrce  On  The  Physics  Of  Non-crystal¬ 
line  Solids;  5  August  1991;  Cambridge,  England 


ADVANCES  IN  FABRICATION  AND 
PROCESSING  OF  BULK  OPTICAL 
COMPONENTS 

Osama  H.  El-Bayoumi,  Rome  Laboratory,  Electromagnetics  & 
Reliability  Directorate 

Abstract  -  Extensive  research  in  recent  years  has  resulted  in 
novel  and/or  improved  materiab  and  fabrication  processes  for 
reflective  and  transmissive  optical  component  substrates.  While 
specific  requirements  for  materials  and  fabrication  processes 
depend  on  the  application,  typical  goals  include  enhanced  di¬ 
mensional  stability,  surface  quality  (figure  and  roughness),  me- 
charucal  integrity,  lightweighting,  reproducibility  and  fabrica- 
bility  (rapid  fabrication  in  few  stages  as  possible)  .  This  paper 
reviews  selected  advances  in  optical  component  substrate  mate- 
rials-for  example,  chemical  vapor  deposited  ceramics  and  sol 
gel  derived  glasses;  substrate  fabrication  techniques-for  exam¬ 
ple  spin  casting,  hot  isostatic  pressing  and  deposition  on  preci¬ 
sion  mandrels;  and  surface  finishing-for  example,  ion  beam 
milling  and  multiply  actuated  membrane  laps. 

Symposium  On  Solid  State  Optical  Materials,  American  Ce¬ 
ramic  Society  Annual  Meeting,  CiiKinnati,  OH,  April  28-May 
2,  1991 
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G,  SIGNAL  PROCESSING 


PILVSED  ARRAY  SIMULATION  WITH 
NON-ISOTROPIC  AND  ISOTROPIC 
RADIATING  ELEMENTS 

Michael  J.  Callahan,  Robert  J.  Denton,  Jr,  John  C.  Cleary, 
Rome  Laboratory,  Surveillance  &  Photonics  Directorate 

Attract  -  Antenna  patterns  for  a  generic  corpoiate-fed  pliased 
array  antenna  were  generated  and  analyzed  at  various  scan  an¬ 
gles  (boresight  and  thirty  degree  E-plane  and  H-plane  beam 
steenng  angles).  Transtnit/receive  (T/R)  module  multiplicative 
amplitude  and  additive  pliase  error  effects,  as  well  as  the  quan¬ 
tization  effects  of  four  bit  phase  shifters,  were  taken  into  ac¬ 
count.  The  array  factor  for  the  antenna  at  each  of  the  above  scan 
angles  was  generated  and  then  multiplied  by  an  element  pattern 
to  (jrcxiuce  a  far  field  pattern.  This  was  done  for  two  cases:  1 )  an 
antenna  having  microstrip  patch  radiating  elements;  and  2)  the 
s;ime  antenna,  only  liaving  thin  strip  dipole  radiating  elements 
111  place  of  the  microstrip  patches.  The  patterns  generated  were 
compared  to  those  obtained  for  the  same  antentia  having  iso¬ 
tropic  radiating  elements  instead  of  realistic  ones  to  demonstr¬ 
ate  the  importatice  of  having  the  capability  to  include  element 
pattern  effects  in  phased  array  simulation  nins. 

Proceedings  of  Computer  Simulation  Conference,  17  July 
Calgary,  Alberta,  Canada. 

ADAFI  IVE  MAINBEAM  NULLING' 

Robert  Purpura.  Rome  Laboratory,  Surveillance  &  Photonics 
Direciorate 

Kolx-rt  Benson,  General  Electric 

Alistract  -  Adaptive  mainbeam  nulling  experiments  have  been 
)H'rfonned  for  the  purpose  of  reducing  to  practice  certain  theo¬ 
retical  techniques  for  minimizing  the  effects  of  a  j.ammer  in  the 
mainloix'  of  a  radar  Rome  Laboratory  has  built  a  5 120  dual  po¬ 
larized  (ihased  array  radar  for  the  purpose  of  tneasuring  the  per 
tonnaiice.  111  a  free  space  environment,  of  nulling  algorithms 
lev  eloped  lo  adaptively  create  maitilobe  spatial  atid  polanz.a 
don  ,ind  sidelohe  sjiatial  nulls  in  the  presence  of  a  jammer 
riiest-  e.\|ieiiiiieiiis  also  determined  [x’rfoniiance  limitations 
and  the  in.i|or  coiiinhiitors  to  these  limitations. 

Mnitqile  exixTinients  have  lx‘en  conducted  usitig  ground  based 
lainniers  and  various  antenna  configurations  and  canceller  al 
gi'iithms  rills  test  data  was  [irocessed  off  line  and  analyzed 
and  compared  to  theoretical  (x-rformaiice  levels  for  e.ach  exjx'r 


iinent.  The  ground  based  jammer  tests  have  been  supplemented 
by  flight  tests  using  a  jammer  aircraft  (Little  Crow)  and  a  target 
to  introduce  realistic  dynamics  to  the  nulling  problem.  This 
flight  data  has  also  been  processed  off-line  to  minimize  com¬ 
puter  throughput  requirements  and  to  allow  for  fine  tuning.  As 
proof  that  the  technology  is  translatable  to  the  real  world  an 
array  processor  was  programmed  to  implement  mainbeam 
ECCM  in  real  time. 

Record  of  the  Tliirty-Sixth  Annual  Tri-Service  Radar  Sympo- 
siiun  Record.  WRDC-TR-90-1 146. 

SDI  PROCESSING  TECHNOLOGY 

Frederick  D.  Schmandt,  Rome  Laboratory,  Command,  Control, 
&  Communications  Directorate 

Abstract  -  This  presentation  details  the  real  time  signal  process¬ 
ing  program  being  conducted  at  Rome  Laboratory  under  SDIO 
sponsorship.  This  multifaceted  program  addresses  hardware, 
software  .and  architectural  aspects,  relating  them  to  near  and  far 
tenn  Strategic  Defense  System  (SDS)  requirements.  The  focus 
is  on  pushing  relevant  teclinology  to  obtain  at  least  an  order  of 
magnitude  improvement,  tnore  typically  2  to  3  orders,  in  rele¬ 
vant  parameters.  Oti-going  efforts  in  distributed  processing  ar¬ 
chitectures,  scalar  and  vector  processors,  special  purpose  pro¬ 
cessors  and  waferscale  integration  (WSI)  packaging  are  sum¬ 
marized.  Tlieir  interrelationships  are  indicated  within  the  con¬ 
text  of  overall  SDS  processing  needs. 

Conference  of  the  American  Defense  Preparedness  Associa¬ 
tion,  April  1990,  University  of  Texas,  Austin,  TX. 

RADIATION  HARDENED  VECTOR 
PROCESSOR  -  A  HIGH  PERFORMANCE 
PROCESSOR  FOR  SPACE  APPLICATIONS 

Frederick  D.  Schmandt,  Rome  Laboratory,  Command,  Control, 
&  Communications  Directorate 

Alistract  -  Tlie  Radiation  Hardened  Vector  Processor  (RHVP) 
IS  a  versatile,  high  perfonnance,  programmable,  scalar-vector 
processor  capable  of  perfomiing  150  million  floating-point  op¬ 
erations  per  second  (150  MFLOPS).  Its  flexible  architecture, 
rich  instruction  set  and  Ada  programmability  enable  the  RHVP 
to  address  a  wide  range  of  signal  processing  probleins.  This 
pajx'r  begins  with  an  overview  description  of  the  RHVP  archi¬ 
tecture  and  brassboard  implementation.  Brassboard  perfor¬ 
mance  obtained  for  a  multiple  target  tracking  scenario  is  pre¬ 
sented  and  cotitrasted  with  a  scalar  only  impletnentation.  Tlie 
pajx'r  concludes  with  a  discussion  of  enhancetnents  to  the  ar- 
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architecture  ainl  itnplenienintioii  tiuit  are  cuiTeiilly  uiKleiAvay  to 
evolve  tl«'  RliVP  into  a  space  qiialifiable  proiliict. 

I'irst  Aiiiuial  Fire  Control  Symposium,  Oct  IQOO,  U  S.  Air 
Foae  Acailemy,  Colonuio  Springs,  CO, 

FUSION  AND  PRESENTATION  OF 
MULTI-SENSOR  DATA 

Toclii  P.  Humislon,  Rotne  Lalwatory,  CoinmaiKl,  Control,  & 
Coininunicatlons  Directorate 

Abstract  -  Command  and  control  centers  are  continually 
receiving  newly  developed  or  previously  unavailable  sensor  in- 
fonnatioiv.  Tins  infonnntion  must  be  made  available  to  several 
workstations  in  the  command  and  control  environnietit  based 
on  that  workstation’s  application.  Tlie  collective  volume  of  this 
data  can,  at  times,  overload  the  workstation  and/or  the  operator. 
Tlierefore,  cbta  reduction  techniques  such  as  fusion  and  filter¬ 
ing  must  be  employed.  Sensible  presentation  of  this  infonnation 
can  also  exfiedite  the  perfonnaiKe  of  the  command  and  control 
function. 

8th  Animal  Conference  on  C2  Decision  Aids,  Ft.  McNair, 
Waslungton  D.C.,  26June  1991 

ASSESSING  PERFORMANCE  OF 
STANDARD  EVALUATION  CIRCUITS  FOR 
RADIATION  HARDENED  32  BIT 
PROCESSOR 

Nancy  A.  Koziarz,  Rome  Laboratory,  Electromagnetics  & 
Reliability  Directorate 

Abstract  -  As  part  of  tlie  Rome  Laboratory’s  Radiation  Har¬ 
dened  32  Bit  Process^  development  progranr  there  was  a  need 
to  evaluate  the  four  phase  I  contractors  to  insure  they  posscssetl 
the  ability  to  accurately  design,  model  and  fabricate  devices 
capable  of  tneeting  the  requirements  of  the  final  32  bit  proces¬ 
sor  chip  set.  To  facilitate  comparisoas  Ix'tween  contractors  a 
StaiKlard  Evaluation  Circuit  (SEC)  was  selected,  litis  was  usi*d 
ns  a  gauge  to  evaluate  the  contractors  wafer  yield  level, 
relialtility  aiul  |jerformnnce  in  a  normal  niKl  radiation  etiviron 
ment  on  the  final  protluct.  The  contractors  were  required  to 
deliver  four  lots  of  product  over  a  four  month  time  (reriod. 

This  paper  will  discuss  the  te,sting  perfonned  on  the  devices  and 
the  methodology  used  to  complying  and  comparing  tlie  data 
from  the  four  contractors  to  allow  valid  comparisons.  TIk*  cal¬ 
culation  for  final  jjroduct  yield  from  the  SEC  yield  data  had  to 
be  tailored  for  this  study.  Tlie  Poisson  estimate  of  yield  was 


used  to  minimize  factois  Ivtwivn  maiiulacturers  atKl  allow  Ui 
ter  conijiarisons.  Ihe  gamma  yiehl  fiiiiciion  is  more  cohiiihmi 
and  represcnl.s  a  mon*  accurate  ))redictfon  for  yield  of  complex 
microcircuits,  however,  the  cih-fflcieiit  of  varianci*  coiilaith-d 
within  the  equation  varied  greatly  between  the  different 
manufacturing  proccss»*s  and  wa.s  nut  easily  d>lain.'tbte.  If  tin* 
contniclor  couki  meet  the  yield  requirenn-nts  using  tin*  Poisson 
equation  which  was  a  very  |H*ssinilstic  estimate,  tlk-n  tin*  |>rol) 
ability  of  yielding  sufficient  pnxluction  devices  was  high,  llu* 
problems  encountiaed  and  lessons  leariksl  during  tlie  evalua 
lion  will  also  Iv  iliscussi-d.  For  example  the  electrical  test  data 
from  the  ring  oscillator  and  delay  johtison  counter  was  to  U* 
compared  to  simulation  data  obtained  from  the  contractors,  llie 
fixturing  and  loading  of  the  devices  remained  coitslant  for  all 
four  contractors  tliiring  electrical  testing,  however,  the  simula¬ 
tion  conditions  varied  with  each  of  tlx*  contractors.  It  was  dif¬ 
ficult  to  detennine  tin*  loading  schemes  used  in  the  simulations 
lliercfore  only  general  compari.sons  Ivtwceii  simulation  results 
and  electrical  test  data  were  iHvssible 

University/Governmenl/liulusiry  Mircrocircuit  Symposium, 
June  1991 


KNOWLEDGE-BASED  TRACKING 
ALGORITHM 

Allan  F.  Corbcil  and  IJnda  1  lawkins,  'I’echnology  Service  Cor¬ 
poration 

Paul  Oilgallon,  Rome  l-alH>ratory,  Surveillance  iti  Photonics 
Directorate 

Abstract  -  This  |)aperdescrilx>.s  the  KnowledgeUased  Tracking 
(KBT)  algorithm  that  was  recently  demonstrated  in  real-time 
flight  tests  conducted  at  the  Air  Force’s  Rome  Laboratory 
(AFTIL).  In  KBT  processing,  the  radar  signal  in  each  resolution 
cell  is  thresliolded  at  a  lower  than  nonnal  Slotting  to IxMter  detect 
low  observable  (LO)  targets.  zXdditional  signal  processing,  in¬ 
cluding  knowledge- based  sjx'ctral  and  spatial  acceptance  tests 
and  Technology  Service  Cor|xiration’ii  (TSC)  Track-Before- 
Defect  (TBD)  algorithm,  were  then  applied  to  the  measured 
data  to  detect  target  tracks.  The  THD  algorithm,  which  was 
originally  described  in  the  198(i  Tri  .Service  Symposium 
Record,  vises  knowleilge  of  the  sv'n.sv»r  luvise  envirotiment  aixl 
target  kinematics  to  sort  LO  target  tr.icks  fiom  random  false 
alarm  events.  It  consists  of  ( I )  fomiing  tentative  track  templates 
for  each  threshold  crossing,  (2)  applying  know|etlge-l>ase<l  as¬ 
sociation  rules  to  the  range.  Doppler,  and  azitnuth  measure¬ 
ments  from  successive  scans,  and  (3)  using  an  M-associ.ation 
out-of-N-scan  rule  to  declan*  a  detection.  ‘Phis  scan-to-scan  in¬ 
tegration  etihatices  Ihe  probability  of  LO  target  detection  while 
m.ninlnining  n  low  output  false  alaiin  rate 


For  a  roal  time  ciemoiisiration  of  the  KBT  algorithm,  the  L 
band  radar  at  AFRL  was  used  to  illuminate  small  Cessna  310 
atid  Seneca  II  test  aircraft.  Tlie  received  racLar  signal  w.as  digi- 
ti/eil  and  prtKessed  by  a  ST  100  Array  Processor  and  a  pair  of 
VAX  computers.  Iti  these  tests,  the  KBT  algorithm  prov  ided  9 
i'>  10  dB  of  improvement  relative  to  single  scan  perfonnance, 
ith  a  nomitial  real  titne  delay  of  less  than  one  secotid  lx*t  ween 
illumination  and  display. 

37ih  Annual  In  Service  Radar  Symposiiun,  Jun  91,  Peterson 
AF'B,  Colorado  Springs,  CO 

ARC  nn  EC  RJRE  FOR  SURVIVABLE 
SYSTEM  PROCESSING  (ASSP) 

Richard  J  Wxxl,  Rome  I^alxaratory,  Surveillance  <V  Photonics 
Directorate 

■Abstract  The  ASSP  lA-ogram  is  a  multiphase  effort  to  imple 
meiit  1)01)  and  commercially  developed  high-tech  hardware, 
soltccart-  and  architectures  for  reliable  space  avionics  atid 
ground  based  systetns.  System  configuration  options  provide 
proca-ssing  capabilities  to  address  Time  Dependent  Processing 
(11)1'),  Object  De|xMKletit  Processing  (ODP)  and  Mission  De- 
I'endent  PnKessing  (MDP)  requiretnetits  through  Opeti  Systetii 
Xrcliiteciure  (OSA)  alternatives  that  allow'  for  the  etihatice 
ments,  incoriHiratioti  and  capitalization  of  a  broad  range  of  de 
celopmeiit  assets  High  techtiology  developtnetits  of  hardware, 
software,  networking  models  address  technology  challetiges  of 
long  (triKe.ssor  life  times,  fault  toleratice,  reliability,  throughput, 
memories,  radiation  hardetiitig,  size,  weight,  power  (SWAP) 
.itid  security 

Proc  eeditigs,  GOMAC91 

DESKJMNG  A  WAFER-SCALE  VECTOR 
PROC  ESSOR  USING  VIIDL 

Rich.ird  W  Findemian  atid  Ralph  I„  Kohler,  Jr,  Rome  L;ilxira 
iory,  Surveill.ince  &  Photonics  Directorate 

.M'str.ict  File  Water  Scale  Vector  Pnx'es-sor  (WSVP)  is  a  Ilex 
ible,  high  pertorm.ince,  multi  element  siqxTscalar  vector  (iro 
■  essor  archilei  iure  being  tlevcdoped  by  the  Air  Force  Rome 
I  ..iborators  ainl  the  Air  Force  Institute  of  Technology  under 
SDK  )  spoiisoisiiip  Pile  WSV'P  addres,ses  a  wide  range  of  high 
IH-rtonn.ince  com|)uting  reiiuiiemeiits  from  real  tune,  emlx’d 
ded,  Ici  .ed  signal  pnx.<‘ssing  to  lloatiiig  point  copnxessors  at 
i.ic  bed  i(  I  deskti'p  woik-st.itions  solving  c  lasses  of  su(x’rcom|)ut 
mg  piohlenis  in  between,  there  are  matiy  applicatiotis  to 
' 'und  b.ised  .Hid  .iirlxirtu'  systems  re(|uiring  high  throughput 


By  cm[)loying  stacked  hybrid  waft  r  scale  integration  and  a  new 
memory  packaging  approach,  the  WSVP  achieves  very  low 
size,  weight,  atid  power,  while  the  supier-scalar  vector  architec¬ 
ture  sustains  high  throughput  on  important  signal  processing 
problems.  Since  the  basic  element  of  the  WSVP  requires  only 
alxxit  one  square  inch  of  area  witJiin  a  hybrid  wafer  scale  sub¬ 
strate,  a  w  ide  variety  of  multi  element  WSVP  architectures  can 
lx-  coiLsidered  for  any  particular  application. 

llie  WS VP  developtnent  has  closely  relied  upon  the  family  of 
advanced  computer-aided  design  (CAD)  tools  which  surround 
the  IF,F:E  Stand.ird  1076,  VHSIC  Hardware  Description  lan¬ 
guage  ( VHDL).  The  cetitral  elements  of  the  VHDL  toolset  in¬ 
clude  the  descriptive  language  itself,  the  analyzer  (i.e.  cotn- 
piler),  and  the  simulator.  Tlie  basic  tools  are  available  from  sev 
eral  vendors  and  [inmarily  support  design  modeling  and  hierar¬ 
chical  simul.ation  These  tools  are  suppletnented  with  an  ever 
growing  list  of  peripheral  CAD  tools  which  interface  to  the 
1EF.F  standard  latiguage  to  support  functions  like  high  level  ar¬ 
chitectural  assesstnent,  design  venfication,  design  synthesis, 
and  Ada  cotnjiiler  getieralion. 

Proceedings,  GOMAC  '91 


MULTI-SPEAKER  CONFERENCING  OVER 
NARROWBAND  CHANNELS 


T.  Champiot),  Rome  Laboratory,  Electrotnagnetics  and  Reli 
ability  Directorate 

Abstract  -  A  techniijue  for  digital  conferencitig  over  nar 
row  batid  channels  is  projxwed  which  allows  for  the  represetita- 
tionof  miiltijile  simultaneous  speakers.  Tlie  techtiique  takes  .id- 
vatitage  of  the  properties  of  tmilti-rate  parametric  vocoders 
(which  includes  a  .Sitiusoidal  Transform  Coder  atid  a  Multi- 
Band  Excitation  Vocoder,  as  well  as  embedded  coders)  The 
techtiique  ilescribed  herein  perfomis  signal  summation  iti  a 
maiitier  similar  to  atialog  conferences,  however,  signal  summa¬ 
tion  is  defeiTed  to  the  tertninal.  To  maintain  quality  tor  a  single 
sixNiker  while  allowing  tiiultiple  speakers,  the  technique  adap 
tively  allocates  chatitiel  bandwidth  based  on  the  number  of 
speakers  to  be  represented  Development  is  in  progress  on  a 
system  that  allows  two  simultaneous  sjxxikers,  although  three 
simult.ineoiis  siH'.ikers  is  achie\  ,'ible 

Published  III  the  Pnxeeditigs  of  the  IEEE  Workshop  on  Six'ech 
Cixling  lor  relecommunications,  Seiiteiiilx'r  1991 


MULTI-RATE  STC  AND  ITS  APPLICATION 
TO  MULTI-SPEAKER  CONFERENCING 

R.  I.  McAulay  and  T.  F.  Quatieri,  Lincoln  Laboratory,  M.I.T. 

T.  Champion,  Rome  Laboratory,  Electromagnetics  &  Reliabil¬ 
ity  Directorate 

Abstract  -  It  has  been  shown  that  speech  of  very  high  quality 
can  be  synthesized  using  a  sinusoidal  model  when  the  ampli¬ 
tudes,  frequencies,  and  phases  are  derived  from  a  high  resolu 
tion  analysis  of  the  short-time  Fourier  Transform.  Several  tech¬ 
niques  for  parameterizing  the  amplitudes,  frequencies,  and 
phases  to  allow  for  effective  coding  at  bit  rates  between  2.4  and 
8.0  KBPS  are  discussed.  In  particular,  the  amplitudes  are  coded 
using  a  cepstral  envelope,  the  frequencies  are  coded  using  a  har¬ 
monic  model  of  speech,  and  the  phases  are  derived  from  a  voic¬ 
ing  measure  and  the  minimum  phase  envelope.  Since  the  same 
model  is  used  at  all  bit  rates,  translation  between  bit  rates  can  be 
done  in  the  parameter  domain  independent  of  the  original 
speech  wavefonn.  This  feature  is  exploited  in  the  Rome  Labo¬ 
ratory  (RL)  multi-speaker  conferencing  system,  where  rate- 
conversion  at  a  conferencing  bridge  is  perfonned  to  accommo¬ 
date  multiple  speakers  during  collisions. 

Proceedings  of  the  IEEE  MILCOM  91  Conference,  November 
1991 


MULTICHANNEL  DETECTION  USING  A 
MODEL-BASED  APPROACH 

J.  H.  Michels,  Rome  Laboratory,  Surveillance  &  Photonics  Di¬ 
rectorate 

P.  Varshney  and  D.  Weiner,  Syracuse  University 

Abstract  -  Tliis  paper  considers  the  Gaussian  multichannel  bi¬ 
nary  detection  problem.  A  multichannel  generalized  likelihood 
ratio  is  implemented  using  a  model-based  approach  when  the 
signal  is  assumed  to  be  characterized  by  an  autoregressive  (AR) 
vector  process.  Detection  performance  is  obtained  for  the  spe¬ 
cial  case  where  the  underlying  processes  are  assumed  to  have 
known  autoregressive  process  parameters.  Specifically,  results 
for  two-channel  signal  vectors  containing  various  tempioral  and 
cross-channel  correlation  are  obtained  using  a  Monte-Carlo 
procedure.  These  results  are  compared  to  known  optimal  detec¬ 
tion  curves. 


1991  International  Conference  on  Acoustics,  Speech,  and  Sig¬ 
nal  Processing,  14-17  May  1 99 1 ,  Toronto,  Ontario,  Canada 
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H.  COMPUTER  SCIENCE 


A  DISTRIBirrED  ENVIRONMENT  FOR 
TESTING  COOPERATING  EXPERT 
SYSTEMS 

Capt  Jeffrey  D.  Grinishaw  and  Craig  S.  Anken,  Rome  Labora¬ 
tory,  Command,  Control,  &  Communications  Directorate 

Abstract  -  This  paper  discusses  the  Advanced  Artificial  Intelli¬ 
gence  Technology  Testbed  (AAITT)  being  sponsored  by  Rome 
Laboratory.  Tlie  purpose  of  this  testbed  is  to  provide  a  powerful 
environment  for  integrating  dissimilar  softw'are  systems  includ 
mg  expert  systems,  conventional  software,  databases,  and  sim 
ulations  distributed  over  a  network.  In  addition,  this  testbed  will 
provide  measurement  and  analysis  tools  for  evaluating  the  re 
suits  of  the  various  user-supplied  software  cotnpotients. 

AGARD  Conference  Proceeditigs  499,  May  1991,  Lisbon  For 
tugal 

SOFIAVARE  LIFE  CYCLE  SUPPORT 
ENVIRONMENT  (SLCSE)  PROJECT 
MANAGEMENT  SYSTEM  (SPMS):  NOT 
JUST  ANOTHER  PROJECT  MANAGEMENT 
TOOL 

James  R.  Milligan,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Abstnict  -  The  paper  describes  the  Software  Life  Cycle  Support 
Environment  (SLCSE)  Project  Managetnent  System  (SPMS). 
SLCSE  (pronounced  "slice")  is  a  computer-based  framework 
for  the  instantiation  of  Software  Engineering  Etivironments 
(SEF.S)  that  are  tailored  to  accommodate  the  specific  needs  ol 
software  developtnent  projects.  SPMS  is  an  extension  of 
SLCSE  that  provides  advanced  project  management  capabili¬ 
ties. 

Since  SPMS  is  an  extension  of  SLCSE,  section  I  begins  with  an 
overview  of  SLCSE,  The  process  of  project  management  is 
then  discussed  iti  tenns  of  its  interrelated  activities  (i.e.,  pl.in 
ning,  Irackmg,  tnonitoring,  assessment,  adjustment,  and  re[X)ii- 
mg) 

Section  II  begins  with  a  discussion  of  the  purpose,  intended 
users,  operational  concept,  modes  of  operation,  and  the  v.arious 
automated  tools  of  SPMS.  Special  features  of  SPMS,  particii 
larly  in  the  context  of  SLCSE,  are  then  described. 


Section  III  provides  a  bnef  summary,  and  section  IV  provides  a 
list  of  references  which  were  used  m  the  preparation  ol  the 
paper 

AIAA  (American  Institute  of  Aeronautics-Astronautics)  Con¬ 
ference  Proceedings,  24  Oct  9 1 

DISTRIBUTING  OBJECT-ORIENTED 
SIMULATION  LANGUAGES 

Clifford  D.  Knimvieda  (Sponsored  by  the  Air  Force  Office  of 
Scientific  Resi-arcli/AFSC) 

James  H  Lawton,  Rome  Laboratory,  Command,  Control,  & 
Communicattotis  Directorate 

Abstract  -  The  object-oriented  cotnpiiter  simulation  language 
ERIC,  develo()ed  duritig  an  in-house  project  at  the  Rotne  Air 
Developmetit  Cetiter  (RADC),  was  studied  to  detennine  its  ap- 
plicabiltty  to  distributed  programming.  Recetit  published  re¬ 
sults  in  distributed  object-b.ased  Languages  and  distributed  ob- 
ject-b.ased  simulations  were  studied.  Tliese  results  suggest  that 
siH'ediips  obtained  by  distributing  object-oriented  simulation 
Languages  are  not  easy  to  realize.  A  distributed  versioti  of  ERIC, 
called  DliRIC,  was  itnpletnented  at  the  Center,  show  ing  that 
extetiditig  ati  object  oriented  sitnuLation  Language  into  the  dis- 
trtbiited  paradigm  is  fe.asible. 

1991  Summer  Computer  Simulation  Conference,  Baltimore, 
Mary  land,  22-24  July  1991 

TAGALOG:  A  NULL  SUBJECT  LANGUAGE 
Wmi  VARIANT  MORPHOLOGY 

Michael  L.  Me  Hale  and  Leticia  S.  Me  Hale,  Rome  l^aboratorv'. 
Command,  Control,  &  Communications  Directorate 

Alistract  -  The  Last  decade  has  seen  a  lot  of  discussion  on  those 
Languages  that  allow  null  subjects,  the  so  called  pro-drop  Ian 
guages.  This  discussion  started  based  on  data  from  Spanish  and 
Italian.  The  first  explanation  for  these  data  w.as  a  rich  morphol 
ogy,  since  these  Languages  are  highly  morphological  in  nature 
Huang's  work  in  Chinese  however,  demonstrated  that  null  sub¬ 
jects  can  be  found  in  Languages  with  no  morphology.  Tliis  re¬ 
sulted  in  a  dichotomized  approach.  Subsequent  changes  to  the 
theory  were  the  result  of  numerous  exceptions  to  the  then  cur¬ 
rent  motlel.  Among  Languages  considered  in  this  stage  were 
Gennan,  Dutch,  Portuguese,  Japanese  and  Irish.  Tlie  final  result 
of  all  this  iterative  polishing  w.as  Jaeggli  .and  S.’fir's  proposal 
that  null  subjects  are  licensed  by  a  unifonn  morphology  (i  e., 
either  all  of  the  fonns  are  morphologically  complex  or  notie  of 
them  are). 
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This  p.iixT  pri'si'iit.s  Tagalog  as  a  coutiter  i-xainple  to  this  iiKxk'l 
A  iik'inlx'r  ot  tlu*  Philippine  group  of  Austrotiesiaii  languages, 
lagalog  IS  a  eonfigurational  language  with  variant  inorphologv 
th.it  alkiws  numerous  kinds  of  null  subjects. 

riie  pajx'r  starts  with  an  overview  of  Tagalog  inflectional  mor 
phologv  and  then  contrasts  this  basic  innectional  panuligni  vv  iih 
some  non  unifonn  features  of  the  language,  rheii  the  ty[x‘s  of 
null  subjects  allowed  in  Tagalog  are  e.xamined.  lliesi'  incluile 
expletive  deletion,  persona  adjectives,  PRO  drop,  and  st'iitences 
vv  ith  non  nominal  topics 

Numerous  examples  are  given  throughout  the  pa|x‘r  The  exam 
pies  given  stand  as  a  counter  example  to  the  current  fonnulation 
of  the  null  subject  theory.  While  this  pajx'r  (x>sits  no  new  pro 
ixis,il  for  the  null  subject  parameter,  some  [xvssible  explanations 
ot  the  plienomenon  for  Tagalog  are  consuk-red. 

bust  .Soulldkist  .Aslan  Linguistics  Conference,  M.iv  4  12,  PWl, 
W.iyne  Si.ite  University,  Detroit,  Ml 

NKW  METIlODOLOCilES  FOR 
V  KRIFICAI  ION  AND  VALIDATION  (V&VO 
IN  FVOLITIONARY  AC  QUISITION 

Kenneth  H  Hawks,  Rome  Dilxirator)',  Command,  Control,  A; 
Communications  Directorate 

.Absir.icl  The  author  (iresents  the  problems  a.ssvxiated  with 
tradition.il  Vkk;V  in  the  context  of  nipid  prototyping  and  evxilu 
(lonarx  .icquisition,  namely;  timeline.ss  of  re[X)ning,  application 
of  re.-^ources  in  a  highly  dynamic  environment,  selection  of  re 
sources,  tool  selection  aiul  payoff,  aiul  (kqith  anti  breadth  til 
coverage  .A  p.iratiigm  IxMiig  applied  to  current  Commaiul  aiul 
Ct'iitrol  programs  is  examined.  The  new  technologies  are  tie 
scrilx'ti  ,iikI  the  concept  of  veracity  in  concert  with  veritlcatioii 
ind  valitl.ition  IS  intrtxiuceti 

•AI.A.A  ('omputing  in  .Aerosp.ice  8  .Symposium,  H.iltimore, 
M.irvl.itul,  21  24  Oct  PWl 

FFA  TFC  IINIQUFS  FOR  DFSIOMNCI 
RFLiABII.n  Y  INTO  FLFC'TRONK' 
SYSTEMS 

lalward  J  Jones.  Willi.iln  J  Hixcltl,  Jr,  Douglas  J  llol/h.iiier. 
.iiitl  Peter  J  RiKct,  Rtime  Dilxiratory,  Pik-ctroin.ignetics  A;  Reli 
ibllltv  Directtirate 


.Abstract  Rome  DilKinitory  has  pioneered  the  use  of  finite  el 
ement  analysis  (FTiA)  as  a  computer-aided  engineenng  ttxil  to 
design  reliability  into  new  and  emerging  electronic  technolo 
gies  Rome  I.ab  h.is  applied  FEAto  a  wide  variety  of  electronic 
devices  Phis  p.qx-r  prest-nts  two  unique  examples.  Tlie  first  ex 
•imple  shows  how  ITIA  is  used  to  design  highly  reliable  galliiun 
•irseniile  (CJa.As)  monolithic  microwave  integrated  circuits 
(M.MIC)  for  iLse  in  pha.sed  array  radar  modules.  Tlie  si'cond  ex 
ample  shows  how  FEA  is  used  to  evalu.ate  the  themial  manage 
ment  system  in  the  so  called  3  D  computer  which  utilizes  the 
stacking  and  interconnecting  of  whole  silicon  wafers  together 
into  a  high  spt’cd  parallel  processor. 

iX'sign  Prixluctiv ity  Inteniational  Conference,  Febniary  P»l, 
Honolulu,  Hawaii 

FINH  F  FLF.MFNT  FNTIANUEMFNT  OF 
( ' R\  ()( : FN !('  TFSTING 

Clare  D  fhiem,  Rome  I.alx5ratory,  Electromagnetics  and  Reli 
ability  Directorate 

Douglas  .A.  Ni>rton,  Rome  I.alx)ratory,  Surveillance  A:  Photon 
ics  Directorate 

.Abstract  -  Finite  element  analysis  (FEA)  of  large  space  ofitics 
enhances  cryogenic  testing  by  providing  an  analy  tical  nietluxi 
by  which  to  a.ssure  th.it  a  te.st  article  survives  projk-ised  testing 
Hie  analyses  presented  in  this  p.-qx-r  were  concerned  vv  ith  deter 
mining  the  reli.ibility  of  a  half  meter  mirror  in  an  environment 
where  the  exact  environmental  profile  was  unknown  F-T..A  al 
k)vvs  the  interaction  between  the  test  object  and  the  env  iron 
ment  to  lx‘  simulated  to  detect  ixvteiitial  prvvblems  prior  to  actual 
testing 

MiA  was  .ipplied  in  house  at  Rome  Fxilx'nitory  to  detemime  the 
■iinount  v>l  time  required  ti>  cool  the  mirror  to  its  desired  test 
lemper.ilure  It  w.is  .dso  di'tennined  th.it  the  proposed  miiTot 
mount  vvoukl  not  c.uise  critic.il  concentrated  thennal  stresses 
lh.it  would  h.icture  the  milTor  IlkAaliii  actual  ineasiiremenls  I't 
the  front  reflective  face  were  comp.ired  aixl  gixxl  .igleemeiit  lx- 
tween  computer  simul.ition  and  tests  were  seen.  P!v  .iluating  de 
sign  .ipproaches  by  .in.ilvtic.il  simul.ition,  like  MLA.  verifies  the 
reli.ibility  ,ind  stmctiiral  integrity  ot  a  space  optic  during  design 
prior  to  t'rototy  ping  and  testing 

•SPIE  Pnxeedings  of  the  .Analysis  of  ( Optical  Structiiies  Confer 
ence.  2  t  24  July  l')4 1 ,  S.m  Diego  (’.A 


FMECA,  THE  RIGHT  WAY 

BaiT>'  T.  McKinney,  Rome  Laboratory,  Electromagnetics  &  Re¬ 
liability  Directorate 

Al«tract  -  Submitted  as  "in-depth"  and  "fully  compliant",  an 
isolated  and  untimely  "Block-Checking"  exercise  is  all  that 
could  truly  describe  the  Failure  Modes,  Effects  and  Criticality 
Analysis  (FMECA)  that  lay  before  me.  Required  in  conjunction 
with  the  development  of  an  advanced  approach  radar  system, 
the  FMECA  was  supposed  to  identify  all  failure  modes  within 
the  system.  However,  a  FMECA’s  primary  contribution  is  tire 
early  identification  of  all  catastrophic,  critical,  and  safety  re¬ 
lated  failure  possibilities  so  they  can  be  eliminated  or  mini¬ 
mized  through  design  changes. 

In  addition  to  being  untimely  and  isolated,  seven  major  defi¬ 
ciencies  were  identified,  five  will  be  shown  to  be  common 
among  FMECA  efforts.  These  deficiencies  are  the  shared  re¬ 
sponsibility  of  the  government  and  contractors: 

•  Lack  of  defined  failure  causes. 

•  Reckless  and  improper  seventy  classification. 

•  No  Data  Sources 

•  Failure  to  recognize  deficiencies  and  failure  modes  of  ear¬ 
lier  systems  of  similar  design. 

•  Lack  of  recommendation  pertaining  to  the  operation  and 
support  of  the  system. 

•  Narrow  scope  of  analysis. 

•  Untimely  submission. 

It  is  the  intent  of  this  paper  to:  clearly  address  the  above  defi¬ 
ciencies;  show,  through  the  use  of  simple  examples,  how  these 
requirements  should  be  addressed  (the  right  way);  and, 
demonstrate  how  the  infonnation  may  be  effectively  utilized  in 
the  system  design  and  planning  of  operational  and  supporting 
tasks. 

Annual  RAMS  1991 ,  Orlando  FL,  Jan  91 . 

A  DESIGNED  APPROACH  TO 
ACCELERATED  RELIABILITY  TESTING 

Barry  T.  McKinney,  Rome  Laboratory,  Electromagnetics  &  Re 
liability  Directorate 

F  Michael  Speed,  Jr.,  Aeronautical  Systems  Division 

Abstract  Engineers  at  the  Air  Force’s  Rome  Laboratory  and 
Aeronautical  Systems  Division  (ASD)  have  begun  software  de¬ 
velopment  that  automates  the  design  and  set-up  of  accelerated 
reliability  tests.  Test  designs  and  resulting  analysis  will  comply 
with  standard  validation  requirements  and  economic  considera 


tions.  Through  significant  user  interactions,  the  software  will 
progressively  develop  component  unique  reliability  verification 
procedures,  as  well  as  perfonn  a  complete  data  reduction  and 
final  estimation  of  the  component’s  operational  reliability. 

'Hie  approach  being  considered  is  an  environmentally  stressful, 
factorial  split  plot  experimental  design.  This  technique  pro¬ 
vides  a  means  to  quantify  the  relationships  of  various  stresses 
and  their  individual  effect  on  the  component’s  failure  rate.  Once 
quantified,  these  relationships  will  be  combined  to  fomi  a  cu 
mulative  stress,  failure  rate  acceleration  model.  Tliis  model  es¬ 
tablishes  the  operational  reliability  of  the  component. 

lES  Annual  Conference,  San  Diego  CA,  May  9 1 . 

DESIGNING  THROUGH  TEST 

Barry  T.  McKinney,  Rome  Laboratory,  Electromagnetics  &  Re¬ 
liability  Directorate 

F.  Michael  Speed,  Jr,  Aeronautical  Systems  Division 

Abstract  -  Engineers  at  the  Air  Force’s  Rome  Laboratory  and 
Aeronautical  Systems  Division  (ASD),  in  an  effort  to  extend 
the  design  process  through  the  entire  procurement  cycle,  have 
begun  software  development  that  automates  the  design  and 
analysis  of  accelerated  reliability  tests.  Test  designs  and  result¬ 
ing  analysis  w  ill  comply  with  standard  validation  requiretnents 
and  economic  considerations.  Tlie  software  will  progressively 
develop  com[x>nent  unique,  experimentally  designed,  reliabil¬ 
ity  qiiatitification  procedures,  as  well  as  perfonn  a  complete 
data  reduction  and  final  estimation  of  the  component’s  inherent 
operational  reliability. 

AIAA  Conference,  Baltimore  MD,  Oct  91. 

C^I  GRzVPHICAL  APPLICATIONS 

Earl  C.  LaBatt  Jr,  Rome  Laboratory,  Command,  Control,  & 
Communications  Directorate 

Al>stract  -  Past  research  efforts  in  the  field  of  Command,  Con 
trol.  Communications,  and  Intelligence  (C  1),  have  concen¬ 
trated  on  the  application  and  refinement  of  advanced  Artificial 
Intelligence  (Al)  concepts.  However,  the  man-machine  inter¬ 
face  to  these  advanced  applications  has  experienced  little  im- 
provemetit  and  does  not  adequately  reflect  sotne  of  the  AI  con¬ 
cepts  embedded  within  these  systems. 

The  development  of  more  advanced  computing  techniqties  re 
quires  a  more  sophisticated  interface  to  the  system.  Tliese  en 
hancements  cannot  lx*  adequately  conceived  by  a  user  using 
traditional  display  techniques. 


rills  p,t[x‘r  rt'\ imIs  the  uiulorlyiiig  AI  concepts  tliiit  lu-lp  tacili 
tali'  till'  tralisli-r  ol  itifonnatioli  Ix'tui'eii  acquireii  C  I  data  and 
an  ujx'rator.  Mativ  dI  lliest'  concepts  are  discussed  in  repaid  to 
their  ap()lication  in  current  Tactical  Air  h'orce  rest'arcli  projects 
In  addition,  the  jxiix'r  discusses  the  liniitations  of  previous  pro 
pniin  Interfaces  atid  the  current  advances  in  prajihical  interface 
iechniques 

ACi.VRD  Conference  IToceeditips  4‘)9 

I  SKR  IM  ERFA(  E  MODEIJNG 

Carla  I.  Ilunis.  Rome  Rilxiratory,  Coliitiialid,  Cotitrol,  A;  Com 
miililcations  Directorate 

•\hstr.ict  riie  requirements  six'cificatlons  for  the  usi'r  inter 
face  of  a  system  are  often  atiiliipuoiLs,  imjirecise,  iticonsisteiit 
and  iiiconijilete  Conse(]uently,  wlien  the  system  is  tievelojx'd, 
the  User  interface  dix's  not  live  up  to  the  end  iLser's  exjx'ctations 
Rapidly  (irototypina  the  user  interface  durinp  the  requirements 
(iliase  of  the  lifecycle  aids  in  iiiipnn  inp  the  user  interface  re 
ciuiremetits  specifications  The  Rapid  Prolotyqiinp  System 
(Rl’S)  contains  a  collection  of  tixrls  to  prototyp<'  the  user  inter 
lace  of  Command,  Control,  Communications,  and  Intellipence 
((’.If )  systems,  riie  purpose  of  the  RPS  user  interface  mcxielinp 
tixils  IS  to  quickly  genenite  a  demoiustnition  of  \vh;it  the  end  u.ser 
would  .see  on  the  display  uhen  the  system  was  develo(x'd.  Once 
the  user  interface  prototyjK*  has  Ix'en  developi'd,  the  end  irser  of 
the  sN  stem  is  liroupht  in  to  confinn  the  reciuiremenis.  The  im¬ 
plementor  pcx's  through  a  scenario  with  the  end  user,  who  pro 
v  ides  comments  tilong  the  way  Typical  commetits  might  in 
elude  ohjects  .ire  a  different  color,  olijects  should  Ix'  kx'tited  in 
.1  dilferent  area  on  the  disjilay,  or  additional  capabilities  are  re 
quired  Changes  are  likely  to  ix'  made  to  the  [irototyjx'  as  a  re 
suit  of  running  the  demonstration  for  the  end  user  riiese 
cli.iiiges  call  Ix'  liicoijior.ited  into  the  prototyjx'  at  a  relatively 
low  cost  Once  the  changes  have  been  incorporated,  the  end 
user  can  Ix'  brought  hack  again  for  his  as.se.s.sment.  This  is  an  it 
erative  cycle  and  is  typically  how  the  final  u.ser  interface  re 
quirements  for  the  system  can  be  identified  anil  verifieil.  There 
.ire  several  advantages  of  using  the  RF.S  tixils.  I'irst,  the  proto 
iy|X'  may  Ix'  created  without  the  need  for  writing  any  software 
I  he  RI'.S  does  not  require  extensive  knowledge  of  lianlw.ire 
s|x'cilics  or  a  particular  iirogramming  language  to  allow  a  non 
programmer  to  develop  user  interlace  prototypes  I  he  RI’.S 
iixils  generate  the  source  cixle  automatically  Another  advaii 
tai^’e  Is  that  the  way  in  which  the  source  cixle  is  generated  allows 
a  programmer  to  add  .itiy  addition.il  cap.ihilities  to  the  demon 
stralion  by  simiily  coding  and  linking  into  the  automatic. illv 
generated  source  cixle  Tin.illy,  ;i  gre.it  .imount  of  time  is  s.iv  ed 
by  h.iv  ing  the  source  cixle  automatically  generated  In  order  to 
detennine  the  usefulness  and  overall  quality  ol  the  RI’.S  lixils. 
the  develo(iment  of  a  user  inierf.ice  protoly|x'  for  .1  l.irge  dl 


system  was  px'rfonned  The  Clninite  Sentry  Prognim  Office  was 
111  the  (iiixess  of  ileveloping  the  requirements  for  upiiatmg  the 
•Air  Defense  Operations  Center  computer  system  displays 
ITi'iii  a  set  of  14  baseline  slides  depicting  the  user  interface  re 
quirements,  R/VDC  developed  a  scenario  based  on  these  slides 
consisting  of  .S.I  unique  displays.  It  took  RADC  6  person  weeks 
to  geiienite  the  prototype.  Approximately,  10,000  lines  of  cixle 
were  geneniteil.  The  Granite  Sentry  Program  office  w.rs  already 
in  the  prix'ess  of  prototyping  the  user  interface  requirements  It 
took  them  I  person  year  using  regular  programming  tech 
niques.  .Many  of  the  ambiguities  and  inconsistencies  in  the  re 
qiiirenieiit  specifications  were  brought  out  from  developing  this 
demonstration  Prototyping  is  a  very  icseful  technique  for  im 
proving  user  interface  requirements. 

Ch.ipier  19,  '  Interface  for  Infonnation  Retrieval  and  Online 
Systems, '  American  .Society  for  Infonnation  Sciences,  1991 


RAPIDLY  PROTOTYPING  THE  USER 
IM  EREA(T:  OE  a  C3I  SYSTEM 


Idi/abeih  S  Kean,  Rome  Laboratory,  Command,  Control,  & 
Conimumc.ilions  Directorate 

Abstract  Requiremenis  spi'cifications  of  large  command,  con¬ 
trol,  communic.itions  and  intelligence  (C.^I)  systems  are  often 
ambiguous,  inconsistent  and  incomjilete.  Rome  Dalxmitory  is 
involved  in  the  evolutionary  development  of  a  Requirements 
laigineenng  Lnv  ironment  (RFL)  and  methodology  to  sup|x>n 
prototyping  the  requirements  of  large  C.II  systems.  One  inqxirt 
ant  prototyping  activ  ity  is  the  prototy  ping  of  a  .system’s  user  in 
terlace  fhe  RT.Ii's  inleiface  prototyping  tool  provides  the  u.st'r 
the  ability  to  rapidly  construct  user  inierf.ice  char.icteristics  of 
C-Il  systems.  User  interface  prototypes  can  be  develo[x'd  so 
r.ipidly  Ix'causi'  there  is  no  computer  programming  required  In 
order  to  verify  the  fe.isibility  of  user  interface  prototyping,  a 
prototypx'  of  the  usi'r  interface  of  a  C.II  system  was  develoix-d 
using  all  existing  [irototyqiing  system  called  the  Rapid  Prototyp¬ 
ing  .System  (RPS).  Rome  Laboratory  requested  the  baseline 
slides  ol  the  upgrades  to  the  Air  Defense  Oi.x'ratlons  Center 
Command  and  Control  System  from  the  Granite  Sentiy  Pro 
gr.iiii  Office  who  was  resjxinsitile  for  inqilementing  the  up 
il.ites  H.isi'il  u|xin  these  slides,  .1  u.ser  inteilace  prototy[X'.  called 
the  (ii.iiiile  Sentiy  Prototyjx',  was  develo|x'd  fhe  pnr[X'se  of 
'111 .  pa(x-r  is  to  describe  a  requirements  engineering  process 
iiiixlel,  the  results  of  (irotoly j'ing  activities  following  ihe  pro 
cess  model,  .iiul  the  dev  elopment  of  the  RIT'i 

Pioceedings.  .AI.A.-X  Computing  in  .AerosiMce  S,  ( )ci  1991 


C3  MODELING  USING  EXPERT  SYSTEMS 

James  L.  Sidoran,  Rome  Laboratory,  Command,  Control,  &. 

Communications  Directorate 

Jerry  H.  Shelton,  Computer  Sciences  Corporation 

Abstract  -  The  value  of  having  a  model  of  a  Command,  Con¬ 
trol,  d  Cotntnunication  system  early  in  the  system  develop¬ 
ment  life  cycle  is  considered.  An  approach  to  modeling  a  Com¬ 
mand,  Communication,  and  Control  problem  within  the 
NORAD  domain  using  co-operating  expert  systeir.s  is  de 
scrilied.  By  allowing  for  the  identification  and  manipulation  of 
relev.ant  objects  and  issues  of  concern  early  in  the  system  devel- 
opmetrt  life  cycle,  such  a  model  can  serve  as  an  aid  in  flushing 
out  system  requirements  and  capabilities,  providing  a  tool  to  as¬ 
sist  analysts  in  defining  and  testing  specifications  and  key  be¬ 
havioral  [wrtions  of  such  a  complex  system. 

Ex[x'rt  Systems  World  Congress  Proceedings,  Vol.  l,Dec  1991, 
Orlando,  FL 


SYSTEM  CONCEPT  MODELING 

Janres  L.  Sidoran,  Rome  Laboratory,  Command,  Control,  & 

Communications  Directorate 

Jerry  H.  Shelton,  Computer  Sciences  Corporation 

Abstract  -  Concept  modeling  is  an  abstract  representation  of  a 
system  or  domain  that  is  as  close  to  the  hiunan  conceptualiza 
tion  of  the  problem  as  possible  [Mylopolous].  This  can  be  a  use 
ful  tool  in  identifying  objects  and  relationships  between  objects 
within  a  complex  domain.  The  problem  lies  in  scoping  the 
model  and  representing  it  at  the  appropriate  level  of  abstraction, 
and  translating  these  abstract  representation  into  an  automated 
environment.  This  activity  is  a  methodological  process  that 
takes  time,  experience,  and  access  to  domain  knowledge.  Once 
there  is  a  process  and  method  for  articulating  concept  level 
models,  various  tools  and  techniques  can  assist  the  model 
builder  in  designing  and  implementing  a  concept  model.  The 
objective  of  this  summary  is  to  present  some  of  the  ideas  for  an¬ 
alyzing  domains,  method  and  tool  support  for  concept  model 
ing,  initial  design  alternatives,  and  give  a  few  examples  of  how 
concept  modeling  can  contribute  to  clarity  and  understanding, 
and  articulation  of  requirements  at  system  conception  into  re 
quirements,  and  perhaps  throughout  system  development. 

2nd  Inteniational  IEEE  Workshop  on  Rapid  Systems  Prototyp¬ 
ing,  June  1991 


PARALLEL  PROTO  -  A  SOFTWARE 
REQUIREMENTS  SPECIHCATION, 
/ANALYSIS  &  VALIDATION  TOOL 

Carla  Bums,  Rome  Laboratory,  Command,  Control,  &  Com¬ 
munications  Directorate 

Abstract  -  Studies  have  shown  that  the  more  costly  problems  of 
software  development  arise  in  the  definition  of  software  re¬ 
quirements,  not  in  the  actual  production  of  code.  Software  pro¬ 
totyping  is  one  approach  which  may  be  used  early  on  in  the 
software  lifecycle  to  identify  errors  in  requirements.  Software 
prototyping  refers  to  the  quick  development  of  executable  soft¬ 
ware  supporting  critical  attributes  of  a  system’s  software  cotn- 
ponents  such  as  the  user  interface,  cotnplex  algorithms  or  jjer- 
foniiance.  Rome  Laboratory  has  recently  developed  a  prototyp¬ 
ing  tool,  called  Parallel  Proto,  for  specifying,  analyzing  and  val¬ 
idating  functiotial  software  requirements  which  are  targeted  to 
either  sequential,  parallel  or  distributed  architecture  environ¬ 
ments,  Tlie  tool  provides  facilities  for  graphically  representing 
the  software  functional  requirements  and  parallel  and  distrib¬ 
uted  hardware  architecture  environments,  associating  the  soft¬ 
ware  futiciions  with  the  hardware  components  and  interactively 
executing  the  functiotial  prototype.  Usitig  Parallel  Proto,  paral- 
lelistn  can  be  explicitly  identified  and  modeled  in  the  require¬ 
ments  and  high  level  design  stages  of  software  development. 
Such  a  capability  supports  the  early  analysis  of  high  level  soft¬ 
ware  and  liardware  architecture  trade-offs.  This  paper  discusses 
the  capabilities  of  Parallel  Proto  along  with  an  associated  tneth- 
odology  for  using  the  tool.  The  Parallel  Proto  facilities  used  to 
constnict  and  execute  the  functional  prototype  are  also  pre¬ 
sented  in  detail. 

Proceeditigs,  AlAA  Computing  in  Aerospace  8  Conference, 
Oct  1991 

PARALLEL  PROTO  -  A  PROTOTYPING 
TOOL  FOR  ANALYZING  AND  VALIDATING 
SEQUENTIAL  AND  PARALLEL 
PROCESSING  SOFTWARE 
REQUIREMENTS 

Carla  Bums,  Rotne  Laboratory,  Cotnmand,  Control,  &  Com¬ 
munications  Directorate 

Abstract  -  Software  prototyping  is  one  approach  which  may  be 
used  early  on  in  the  software  lifecycle  to  analyze  and  validate 
software  requirements.  Parallel  Proto  is  a  software  prototyping 
tool  for  analyzing  and  validating  functional  requirements  which 
are  targeted  to  either  sequential,  parallel  or  distributed  architec¬ 
ture  environments.  Currently,  most  parallel  processing  com- 
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puter  aided  software  engineeritig  (CASE)  tools  focus  on  the 
ideiitificatton  and  simulatioti  of  parallelistn  during  the  coding 
stage  of  the  software  lifecycle.  Such  an  approach  does  not  take 
into  account  any  explicit  sp'ecification  of  parallelistn  itiherent  iti 
the  application  or  an  associated  parallel-oriented  design.  Using 
Parallel  Pro‘  d,  paralleli;  in  can  be  explicitly  identified  and  mod¬ 
eled  iti  the  requiretnents  and  high  level  design  stages  of  soft¬ 
ware  developtnent.  Tlie  tool  provides  facilities  for  graphically 
constructing  data-flow-like  software  functional  specifications 
and  parallel  and  distributed  hardware  architectures,  associating 


the  software  functions  w-ith  the  hxvdware  cotnponetits  atid  inter 
actively  executing  the  functional  prototype.  Performance  mod 
eling  statistics  ate  available  after  prototype  execution.  Such  ca 
pabilities  support  the  early  analysis  of  high  level  software  and 
hardware  architecture  trade-offs.  This  paper  discusses  the  capa¬ 
bilities  of  Parallel  Proto  along  with  an  associated  methodology 
for  using  the  tool. 

Proceedings,  2nd  International  IEEE  Workshop  on  Rapid  Sys 
terns  Prototyping,  June  1991 
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I.  RELIABILITY  SCIENCE 


MEASURING  TIIE  COVERAGE  OF 
BRIDGING  FAILURES  BY  INTERNAL 
A(  C  ESS  METHODS 

\\am  n  H  Debany,  Rome  I^iboratory,  Electromagnetics  &  Re 
liabililN  Directorate 

Al>stract  -  A  metliod  is  presented  tliat  detennines  tlie  coverage 
of  shorts  (briilging  failures)  by  internal  access  techniques  that 
provide  node  observability.  Tliese  techniques  include  CMOS 
//)/)  monitoring,  Crosscheck,  voltage  contrast,  bed-of-nails, 
guiiled  prolx',  and  boundary  scan.  Only  good  circuit  simulation 
IS  recpiired  It  obtains  the  exact  sets  of  nodes  that  potentially  can 
be  shorteil  without  being  detected  by  a  given  test  vector  se 
(ineiice  The  tnethcxl  does  not  require  the  utiiverse  of  bridging 
failures  to  lx-  e.xplicitly  listed. 

I’n.Keeditigs,  IEEE  VLSI  Test  Symix)sium,  April  1991,  pp  215 
220 

\  LSI  PACKAGE  RELIABILITY 

S  S(xMcher,  Rotne  Laboratory,  Electromagnetics  <&  Reliabih 
its  Dltectorate 

.•\l>stract  nte  challenge  presented  by  advanced  package  de 
velopmetit  tn  the  past  five  years  has  further  accentuated  the 
const, lilt  need  for  package  quality  and  reliability  monitoritig 
through  extetisive  laboratory  testing  and  evaluation.  As  pin 
counts  and  chip  geometries  have  contitiued  to  incre.ase,  there 
h.is  Ix-en  additional  pressure  from  the  military  and  commercial 
sectors  to  improve  interconnect  designs  for  packaged  chips,  in 
cludnig  chips  directly  attached  to  the  printed  wiring  board 
(I'WB)  One  of  the  options  employed  has  been  tape  automated 
Kiiuling  (TAFf)  However,  this  assembly  technique  also  pres 
enis  new  standar<iiz.-ilion,  qualification  and  reliability  problems 
I’herefc're,  at  Rome  Air  Development  Center  (ILADC),  there  is 
regul.ir  assessment  (through  in-house  failure  analysis  studies) 
of  (larts  destined  for  military  and  space  systems.  In  addition. 
Department  of  Defense  (DoD)  high  tech  development  pro 
gr.imines,  such  as  very  high  s()eed  integrated  circuits  (VHSIC), 
have  utilized  all  present  screening  methods  for  package  evalua 
lion,  and  have  addressi’d  the  need  for  development  of  more  de 
finiiive  non  destructive  tests  To  aiLswer  this  need,  two  RAJX' 
coniractual  eftorls  were  aw.iriled  on  laser  thermal  and  ultra 
sunk  in.s|xk'i|on  techniques 


Through  these  package  evaluations,  a  numlx'r  of  potential  reli¬ 
ability  piobleins  are  identified  and  the  results  provided  to  the 
spi'cific  contractors  for  corrective  action  implementation.  Typi 
cal  problems  uncovered  are  lid  material  and  pin  corrosion, 
damage  to  external  components  and  adhtsion  problems  be 
tween  copper  leads  and  polyimide  supports,  henneticity  fail 
ures,  high  moisture  content  in  sealed  packages  and  particle  im 
pact  noise  detection  (FIND)  test  failures  (internal  particles) 
Further  tests  uncover  bond  strength  failures,  bond  placement  ir 
regulanties,  voids  in  die  attach  material  (potential  heat  dissipa 
tion  problems),  and  die  surface  defects  such  as  scratches  and 
cracks 

This  presentation  will  review  the  specific  package  level  physi¬ 
cal  test  methods  tliat  are  employed  as  a  means  of  e  valuating  re 
liable  package  jx’rfonnance.  Many  of  the  tests,  especially  the 
environmental  tests-e  g.,  salt  atmosphere  and  moisture  resis¬ 
tance-  provide  accelerated  fonns  of  anticipated  conditions  and 
are  therefore  applied  as  destructive  tests  to  assess  package  qual 
ity  and  reliability  in  field  use.  In  addition  to  a  manufacturer's 
compliance  with  designated  qualification  procedures,  the  key  to 
package  quality  lies  in  utilizing  good  materials  and  well-con¬ 
trolled  assembly  techniques.  This  practice,  along  w  ith  effective 
package  screen  tests,  will  ensure  reliable  operation  of  very  large 
scale  integration  (VLSI)  devices  in  severe  military  and  com¬ 
mercial  environment  applications. 

Hybrid  Circuits  Magazine  (Jouma}  of  Internationa)  Society  for 
Hybrid  Electronics  -  Europe),  Sep  1991 

ON  TIIE  EQUIVALENCE  BETWEEN 
SLMILARITY  AND  NON-SIMILARITY 
SCALING  IN  ROBUSTNESS  ANALYSIS 

Haniph  A  Latchman,  University  of  Florida-Gainesville 
Rolx'rt  J  Norris,  Rome  laboratory.  Electromagnetics  &  Reli 
ability  Directorate 

Alastract  -  In  the  analysis  of  multivariable  systems  in  the  pres¬ 
ence  of  stnictured  luicertainties,  similarity  scaling  and  non-sim 
il.arity  scaling  techniques  have  been  independently  proposed  as 
methods  for  obtaining  nonconservative  robustness  measures.  In 
order  to  fully  exploit  the  unique  advantages  of  each  method,  it 
is  desirable  to  obtain  the  required  non-similarity  scaling  matrix, 
and  vice  versa,  without  the  need  for  separate  optimizatiotis.  In 
this  pajx-r  an  explicit  relationship  is  developed  between  the  sim¬ 
ilarity  and  tion  similarity  scaling  matrices  which  enables  the  di 
rect  computation  of  the  non-similarity  scaling  matrices  from  the 
similarity  scaling  Several  applications  of  the  results  are  also 
presented 

1991  ,-\merican  Control  Conference,  June  1991.  Boston,  MA. 
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A  NEW  LOWER  BOUND  FOR  THE 
STRUCTURED  SINGULAR  VALUE 

Hatiipli  A.  Liitchinan,  University  of  Florida-Gainesville 
RoLx'rt  J,  Norris,  Rome  Laboratory,  Electromagnetics  &  Reli¬ 
ability  Directorate 

Abstract  -  In  this  paper,  we  examine  some  geometric  issues  re¬ 
lated  to  tlie  Major  Principal  Direction  Alignment  (MPDA)  prin¬ 
ciple  and  propose  a  new  and  unified  algorithm  for  computing 
the  structured  singular  value  p(M). 

IWl  American  Control  Conference,  June  1991,  Boston,  MA. 

AT-SPEED  VERIFICATION  TECHNIQUE 
FOR  LRMsANDPCBs 

James  M.  Nagy,  Rome  Laboratory,  Electromagnetics  &  Reli¬ 
ability  Directorate 

Attract  -  Current  board  testers  are  mainly  used  as  a  functional 
tester  to  allow  diagnostic  testing  down  to  the  component  level. 
Board  testers  are  satisfactory  for  that  function  but  do  not  have 
the  capability  to  perform  at-speed  verification  of  Line  Replace¬ 
able  Modules  (LRMs)  or  Printed  Circuit  Boards  (PCBs)  and 
cannot  perform  parametric  evaluation  testing  of  these  device 
types.  Tliis  paper  presents  a  method  to  perfonn  at-speed  verifi¬ 
cation  and  parametric  evaluation  of  a  LRM  by  testing  the  mod¬ 
ule  on  a  VLSI  component  tester  and  treating  the  LRM  as  a  com¬ 
ponent.  The  LRM  demonstration  was  conducted  on  two  distitict 
VLSI  test  systems,  a  GenRad  GR-180  located  at  Sacramento 
ALC  at  McClellan  AFB,CA  and  a  Teradyne  J953  located  at 
Rome  Laboratory,  Griffiss  AFB  NY.  The  LRM  demonstration 
will  be  explained  from  the  capturing  of  test  requirements  in 
IEEE  proposed  data  fomiat  standards  of  TRSL  and  WAVES, 
the  fonnation  of  an  automatically  generated  test  program  using 
a  generic  ATE  postprocessor  (IN  STEP),  and  the  results  of  the 
LRM  testing 

Proceedings  of  the  Automatic  Test  Conference,  Sept.  1991 ,  An¬ 
aheim,  CA 

A  NEW  METHODOLOGY  FOR  TEST 
PROGRAM  SET  GENERATION  AND 
RE-IIOSTING 

James  P  Hanna  and  Willis  J.  Horth,  Rome  Labonitory,  Electro 
magnetics  &  Reliability  Directorate 

Al^tract  -  Tliis  paper  discusses  a  new  methodology  for  signifi 
cantly  improving  the  coasistency,  reliability,  and  transportabil 


ity  of  Test  Program  Sets  (TPS).  Tliis  methodology  utilizes  pro¬ 
posed  IEEE  tester  independent  data  standards  and  resource-in¬ 
dependent,  standardization  test  methods  to  automate  the  TPS 
development  process.  Automating  this  process  greatly  reduces 
the  costs  associated  with  TPS  development  and  provides  a 
highly  cost  effective  method  for  re-hosting  existing  TPSs  to 
new  tester  environments. 

IEEE  Systems  Readiness  Technology  Conference,  Anaheim, 
California,  24-26  September  1991 

MILLTARY  BURN-IN  REQUIREMENTS  - 
ONE  PERSPECTIVE 

Daniel  J.  Bums,  Rome  Laboratory,  Electromagnetics  &  Reli¬ 
ability  Directorate 

Abstract  -  This  workshop  position  paper  reviews  military  bum- 
in  requirements,  acknowledges  current  industry  concerns,  and 
highlights  issues  relating  to  specifying  and  running  effective, 
efficient  bum-in  tests.  Military  bum-in  requirements  and  op¬ 
tions  are  referenced,  and  the  trend  toward  process  monitoring 
and  improvement  is  noted. 

It  is  pointed  out  that  where  a  low  density  of  point  defects  dom¬ 
inate  early  life  fallout,  it  is  essential  that  each  individual  piroduct 
die  be  exhaustively  tested  and  screened.  References  are  given 
which  discuss  current  difficulties,  including  incomplete  test 
vectors,  uneven  stressing,  inappropriate  test  generation  strate¬ 
gies  for  spot  defect  coverage  and  delay  fault  testing,  stress  volt¬ 
age  limitation  by  process,  and  insensitivity  of  accepted  electri¬ 
cal  measurements  to  degradation.  Innovative  solutions  are  also 
referenced,  including  powerful  new  built-in  test  modes,  built-in 
bum-in  screen  lest  modes,  and  in-process  screening  techniques. 
The  value  of  a  Field  Return  failure  analysis  program  to  validate 
screening  effectiveness  is  noted. 

Proceedings  of  the  IEEE  International  Test  Conference,  Oct 
1991,  Memphis,  TN. 

EFFECT  OF  DEPOSITION  TECHNIQUE  ON 
THE  AS-DEPOSITED  MICROSTRUCTURE 
OF  COPPER  THIN  RLMS 

Lois  Walsh,  Rome  Laboratory,  Electromagnetics  &  Reliability 
Directorate 

N.  Feilchenfeld,  IBM  Corporation 
J.  Schwartz,  Syracuse  University 

Abstract  -  Copper  metallization  is  an  ideal  choice  for  use  in 
semiconductor  devices  and  packages.  The  metal’s  desirable 
properties  are  low  resistivity,  good  electromigration  resistance. 
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solderability,  and  low  cost.  Microstnictiu-al  differences  in  cop¬ 
per  deposited  by  four  techniques  commonly  used  in  the  tnicro- 
electrotiics  industry  are  presented.  These  differences  were  mea¬ 
sured  using  optical  microscopy,  X-ray  diffraction,  scanning 
electron  microscopy,  Auger  electron  spectroscopy,  and  second¬ 
ary  ion  mass  spectroscopy.  The  results  were  correlated  to 
clearly  define  the  differences  in  microstructure  among  the  dif¬ 
ferent  copper  films  providing  a  basis  for  interpreting  the  effects 
of  copper  film  deposition  method  on  film  microstructure  and 
those  physical  properties  influenced  by  microstructure.  The 
final  result  is  that  the  microstructural  differences  can  be  mea¬ 
sured  and  used  to  predict  the  reliability  and  perfonnance  of  re¬ 
sulting  filins. 

38th  Annual  Symposium  and  Topical  Conferences  of  the  Amer¬ 
ican  Vacuum  Society,  11-15  Nov  1991,  Seattle,  Washington 

VOID  GROWTH  AND 
ELECTROMIGRATION 

Lt.  J.  B.  Manila,  J.  V.  Beasock,  Y.  J.  Kime,  (AFOSR  Associate), 
and  L.  H.  Walsh,  Rome  Laboratory,  Electromagnetics  &  Reli¬ 
ability  Directorate 

Abstract  -  Studies  are  being  pursued  which  center  on  device  re¬ 
liability  as  influenced  by  materials.  Our  research  is  focused  on 
understanding  the  fundamental  cause/causes  of  electromigra¬ 
tion  in  order  to  eliminate  its  contribution  to  device  failures  and 
miniaturization  limitations. 

The  research  task  uses  surface  analysis  techniques.  Auger  elec¬ 
tron  spectroscopy  (AES),  and  Secondary  Ion  Mass  Spectros¬ 
copy  (SIMS),  to  characterize  how  materials  and  material  inter 
faces  influence  solid  state  microelectronic  device  reliability. 
Electronic  structure  modeling  is  being  pursued  as  a  possible 
method  for  investigating  how  changing  materials  and  interfaces 
influence  electromigration.  To  this  end  Atomic  Force  Micros 
copy  ( AFM)  and  Electron  Spectroscopy  for  Chemical  Analysis 
(ESCA)  will  be  used  to  confinn  theoretical  hypothesis  with  ac¬ 
tual  experimental  results. 

Initially  the  results  of  previous  time  lapse  void  growth  experi¬ 
ments  are  being  examined  using  digital  image  analysis  equip 
ment.  Typical  data  consists  of  several  series  of  scanning  elec¬ 
tron  microscope  (SEM)  micrographs  of  voids  produced  at  ele¬ 
vated  current  density.  We  are  most  interested  in  characterizing 
how  a  void  grows  as  a  function  of  time,  current  density,  tem|)cr- 
ature,  and  location.  For  aluminum  lines  on  silicon  at  a  current 
density  of  7x10'  amps  per  cm  ,  observed  initial  void  growth 
rates  (<  100  minutes)  range  from  0.04  to  0.20  square  micron  per 
minute.  The  shape  of  the  void  is  tracked  by  calculating  the  ratio 
of  area  to  perimeter  squared.  Preliminary  results  will  be  shown. 


First  Intenintional  Workshop  on  Stress  Induced  Phenomena  in 
Metallizations,  Ithaca,  New  York,  11-13  September  1991 

DESIGN  VERIFICATION  USING  LOGIC 
TESTS 

Warren  H.  Debany,  Heather  B.  Dussault,  Kevin  A.  Kwiat,  Mark 
J.  Gomiak,  Anthony  R.  Macera,  and  Daniel  E.  Daskiewich 
Rome  Laboratory,  Electromagnetics  &  Reliability  Directorate 

Abstract  -  Design  verification  is  the  process  of  assuring  that  a 
design  is  error-free.  Empirical  design  verification  involves  the 
mnning  of  lest  cases  against  the  design.  To  be  effective,  "suffi¬ 
cient"  testing  must  be  perfonned.  But  to  be  cost-effective  as 
well,  testing  must  be  tenninated  when  that  point  is  reached. 
There  is  a  lack  of  quantifiable  metrics  to  guide  the  development 
of  tests  for  digital  logic  design  verification.  This  paper  reports 
on  the  results  of  experiments  tliat  indicate  that  fault  simulation, 
which  parallels  the  well-known  mutation  testing  approach  used 
in  software  design  verification,  can  be  used  to  grade  the  cover¬ 
age  of  test  cases  used  for  hardware  design  verification. 

Proceedings,  IEEE  Rapid  System  Prototyping  Workshop,  June 
1991. 

A  METHOD  FOR  THE  CONSISTENT 
REPORTING  OF  FAULT  COVERAGE 

Warren  H.  Debany  and  Kevin  A.  Kwiat,  Rome  Laboratory, 
Electromagnetics  &  Reliability  Directorate 
Sami  A.  Al-Arian,  University  of  South  Florida 

Abstract  -  A  standard  procedure  has  been  developed  for  fault 
coverage  measurement.  Tliis  paper  outlines  the  methods  pre¬ 
scribed  in  Procedure  5012  of  MIL- STD-883.  This  procedure 
governs  the  reporting  of  fault  coverage  for  digital  microcircuits 
for  military  applications.  It  describes  requirements  for  the  de¬ 
velopment  of  the  logic  model  for  an  IC,  fault  universe,  fault 
simulation,  and  reporting  of  results.  Procedure  5012  provides  a 
consistent  means  of  measuring  fault  coverage  for  an  integrated 
circuit  regardless  of  the  specific  logic  and  fault  simulator  used. 
It  addresses  the  testing  of  complex,  embedded  structures  that 
are  not  implemented  in  tenns  of  logic  gates,  such  as  RAMs, 
ROMs,  and  PLAs.  Fault  coverages  for  gate-level  and  non-gate- 
level  stnictures  are  weighted  by  transistor  counts  to  arrive  at  an 
overall  fault  coverage  value.  The  procedure  addresses  built-in- 
self-test  based  on  the  use  of  linear  feedback  shift  registers  for 
output  data  compaction.  Two  fault  sampling  procedures  are 
pennitted.  A  Fault  Simulation  Report  documents  the  fault  cov¬ 
erage  level  obtained,  as  well  as  the  assuinptions,  approxima 
lions,  and  methods  used. 
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Proceedings,  1991  IEEE  International  Workshop  on  Defect  and 
Fault  Tolerance  in  VLSI  Systems 

COMPARISON  OF  RANDOM  TEST 
VECTOR  GENERATION  STRATEGIES 

Warren  H.  Debany,  Rome  Laboratory,  Electromagnetics  &  Re¬ 
liability  Directorate 

Carlos  R.P.  Hartmann,  Kishan  G.  Mehrotra,  and  Pramod  K. 
Varshney,  Syracuse  University 

Abstract  -  A  number  of  random  test  strategies  have  been  pro¬ 
posed  in  the  literature,  or  are  currently  being  used  in  automatic 
test  vector  generation  systems.  In  this  study  four  random  test 


generation  strategies  were  compared  to  determine  their  relative 
effectiveness:  equiprobable  Os  and  Is;  two  weighted  random 
pattern  generation  algorithms;  and  the  maximum  output  en¬ 
tropy  principle.  The  test  generation  strategies  were  compared  at 
a  variety  of  target  fault  coverages  Two  statistically-based  met¬ 
rics  were  used  to  evaluate  the  techniques:  a  laige-sample  test  of 
the  difference  of  means  and  an  upper  confidence  limit.  It  was 
found  that  the  two  weighted  random  test  pattern  generation 
strategies  were  generally  superior  to  equiprobable  Qs  and  Is  and 
maximum  output  entropy,  although  both  of  the  latter  techniques 
were  optimal  in  some  cases.  For  a  given  logic  circuit,  the  same 
technique  is  not  necessarily  optimal  at  every  fault  coverage. 

Proceedings,  IEEE  International  Conference  on  Computer- 
Aided  Design  (ICCAD-91),  November  1991. 


IV.  PATENTS 


NORMAL  INCIDENCE  OPTICAL  SWITCHES  USING 
FERROELECTRIC  LIQUID  CRYSTALS 

Ricliard  A.  Soref,  Rome  Laboratory,  Electromagnetics  &  Reli¬ 
ability  Directorate 

Patent  Number:  4,989,941 

Date  of  Patent;  Feb.  5,  1991 

Abstract  -  This  invention  comprises  a  new  group  of  fiber  optic 
switching  devices  that  use  layers  of  surface-established  ferro¬ 
electric  liquid  crystals  (FLCs)  as  the  switching  tnedia.  In  each 
of  the  devices  light  impinges  upon  the  ferroelectric  liquid  crys¬ 
tal  at  an  angle  of  90°  (nonnal  incidence)  with  the  surface  plane. 
Each  FLC  gives  0°  or  7C°  optical  rotation,  depending  upon  the 
polarity  of  the  electric  voltage  applied.  A  series  of  polarizing 
beam  splitters  are  used  to  separate  unpolarized  light  into  its  s 
and  p  polarization  components.  After  ferroelectric  liquid  crystal 
switching,  other  polarizing  beam  splitters  are  used  to  direct  the 
i'  and  p  light  to  output  optical  paths.  The  switches  discussed 
below  are  voltage  controlled  2  X  2,  1  X  4,  1  X  6,  1  X  8, 4  X  4,  or 
N  X  N  devices  that  use  one  or  more  layers  of  surface  stabilized 
ferroelectric  liquid  crystals. 

METHOD  FOR  MEASURING  LARGE  ANTENNA 
ARRAYS 

Peter  R.  Franchi,  and  Harvey  Tobin,  Rome  Laboratory,  Electro¬ 
magnetics  &  Reliability  Directorate 

Patent  Number:  4,998, 1 1 2 

Date  of  Patent:  Mar.  5,  1991 

Abstract  -  A  method  for  measuring  the  far  field  antenna  pattern 
of  a  large  phased  array  antenna  on  a  conventional  far  field  range 
by  applying  a  correction  factor  to  the  antenna  phase  shifters.  As 
the  antenna  is  electronically  steered  to  each  of  its  scan  angle,  a 
particular  correction  factor  is  applied  to  each  radiating  elements 
to  correct  the  far  field  antenna  pattern  to  the  shortened  far  field 
range 

LOW  LOSS  SEMICONDUCTOR  DIRECTIONAL 
COUPLER  SWITCHES  INCLUDING  GAIN  METHOD 
OF  SWITCHING  LIGHT  USING  SAME 

Richard  A.  Soref,  Rome  Laboratory,  Electromagnetics  &  Reli¬ 
ability  Directorate 

Patent  Number:  5,004,447 

Date  of  Patent:  Apr.  2,  1991 


Abstract  -  In  multiple  quantiun  well  directional  couplers,  non- 
centralized  input  and  output  legs,  occupying  major  portions  of 
the  switches,  are  continuously  forward  biased,  to  produce  suffi¬ 
cient  gain  in  light  intensity  therein  to  overcome  losses  in  the 
centralized  portions,  to  in  turn  provide  a  transparent  (ODB  loss) 
two-by-two  coupler  switch.  Short  segments  of  the  centralized 
coupling  portion  occupying  minor  portions  of  the  switches,  are 
switched  between  forward  bias  states  and  zero  bias  states  to 
provide  light  beam  switching.  Thus  these  switches  employ  both 
carrier  gain  and  carrier  refraction.  The  large  changes  in  the 
index  of  refraction  enable  extremely  short,  low  loss,  switches  to 
be  fabricated  and  cascaded  if  desired.  A  second  group  of  less 
preferred  switches  employ  solely  the  carrier  refraction  effect, 
by  injecting  carriers  into  the  waveguides  at  high  levels,  prefera¬ 
bly  equal  to  or  greater  than  1  X  10^*/cm^. 

MECHANICALLY  ROTATED  DOPPLER 
FREQUENCY  SHIFTER 

John  B.  Morris,  Uve  H.  W.  Lammers,  and  Richard  A,  Marr, 
Rome  Laboratory,  Electromagnetics  &  Reliability  Directorate 

P.atent  Number:  5,007,721 

Date  of  Patent:  Apr.  16,  1991 

Abstract  -  A  mechanical  Doppler  shifting  device  for  a  high  fre 
quency  radiated  beaiii  couiprises  a  rotating  helical  reflector 
having  its  axis  of  rotation  parallel  to  the  be.-un  and  a  platie  sta¬ 
tionary  mirror  mounted  parallel  to  the  axis.  The  helix  has  a 
smooth  reflective  surface  which  is  at  a  45  degree  slope  with  re¬ 
spect  to  the  axis  so  that  the  distance  to  the  surface  from  the 
source  of  the  beatn  varies  with  the  rotation  of  the  helix.  The 
beam  is  reflected  from  the  helix  to  the  plane  stationary  reflector 
and  back  upon  itself  to  the  source  at  a  Doppler  shifted  fre 
quency.  Also  disclosed  is  a  system  using  2  helical  reflectors,  the 
second  being  a  tnirror  itiiage  of  the  first  and  being  oppositely 
rotated  synchronously  therewith  for  reflecting  the  beam  to  a  re¬ 
ceiver  spaced  frotn  the  source  of  the  beam. 

WAFER  CLEANING  METHOD 

Mark  W.  Levi,  Rome  Laboratory,  Electrotnagnetics  &  Reliabil 
ity  Directorate 

Patent  Number.  5,009,240 

Date  of  Patent:  Apr.  23,  1991 

Abstract  -  A  wafer  cleaning  systetn  which  cleans  setniconduc 
tor  wafers  by  satid  blasting  them  with  ice  particles  is  disclosed 
In  this  systetn  a  stream  of  gas  is  conducted  by  a  conduit  to  the 
semiconductor  wafer  while  a  spray  of  water  is  frozen  into  the 
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ice  particles  by  a  niunber  of  cooling  coil  systems  which  pro 
tnide  into  the  conduit.  After  the  semiconductor  wafer  is  sand 
blasted  with  ice,  any  residual  ice  is  removed  simply  by  evapo 
rating  it.  This  results  in  a  clean  wafer  without  the  contamination 
that  can  accompany  chemical  solvents  of  other  semiconductor 
cleaning  and  etching  systems. 

LOSSLESS  NON-INTERFEROMETRIC 
ELEC  TRO-OPTIC  III-V INDEX-GUTOED-WAVE 
SWn  CUES  /\ND  SWITCHING  ARRAYS 

Richard  A  Soref,  Rome  Laboratory,  Electromagnetics  Reli 
ability  Directorate 

Patent  Niimlx-r:  5,013,1 13 

Date  of  Patent:  May  7,  1991 

Aljslracl  -  Lossless  guided  wave  switches  with  more  than  30 
dli  of  crosstalk- isolation  are  comprised  of  branched  channel 
waveguides  with  laser-like  cross-sections.  Optical  gain,  suffi 
cient  to  overcome  jxjwer-splitting  losses,  is  provided  by  earner 
injection  currents.  Due  to  its  low-noise  properties,  the  single 
quantum-well  structure  is  found  to  I'e  optimum  for  cascading 
switches  into  a  multi-stage  network.  A  lossless  I  X  N  network 
with  1024  switched  outputs  should  be  feasible. 

MODIFIED  COMPACT  2F  OPTICAL  CORRELATOR 

Joseph  L.  Homer,  Belmont;  Kenneth  H.  Fielding,  and  Charles 
K.  Makekau,  Rome  Lilxiratory,  Electromagnetics  &  Reliability 
Directorate 

Patent  Numlx’r:  5,016,976 
Date  of  Patent:  May  21,  1991 

Al>siract  -  A  modified  2f  Fourier  Irarcsfomi  optical  correblor 
combines  a  collimation  and  first  Fourier  Transfonn  lens  into 
one  thin  lens.  Tlie  resulting  correlator  thus  utilizes  one  less  lens 
relative  to  the  unmodified  2f  optical  correlator. 

AMPLITUDE  ENCODED  PHASE-ONLY  nLTERS 
FOR  OPTICAL  CORRELATORS 

Joseph  L.  Homer,  Rome  l>aboratory.  Electromagnetics  &  Reli 
ability  Directorate 

Patent  Numlx*r:  5,024,508 

Date  of  Patent:  Jun,  18,  1991 


Al>stract  -  Method  allows  a  first  pltase-only  optical  correlator 
filter  function  to  lx*  written  on  an  amplitude  modulating  device 
such  as  a  spatial  light  modulator  (SLM)  by  applying  a  bias  tenn 
to  the  pliase  only  filter  function  great  enough  to  obtain  a  second 
amplitude  encoded  filler  function,  for  use  with  a  more  econom¬ 
ical  amplitude  responsive  SLM. 

EXTENDED  DYNAMIC  RANGE  ONE  DIMENSIONAL 
SPATIAL  LIGHT  MODULATOR 

Stephen  T.  Welstead,  Huntsville,  Alabama,  and  Michael  J. 
Ward,  Rome  Laboratory,  Surveillance  &  Photonics  Directorate 

Patent  Niunber:  5,039,210 

Dale  of  Patent :  Aug.  13,  1991 

Abstract  -  An  optical  infonnation  system  which  uses  a  liquid 
crystal  television  (LCTV)  as  a  one  dimensional  spatial  light 
modulator  (SLM)  is  presented.  An  optical  carrier-wave  is  gen¬ 
erated  by  polarizing  and  collimating  the  output  of  a  laser.  Tlie 
liquid  crystal  television  modulates  the  optical  carrier  wave  with 
a  digital  modulating  signal  to  output  thereby  a  modulated  opti¬ 
cal  signal:  An  array  of  photodetectors  electroptically  connects 
the  modulated  optical  sigaal  into  a  modulated  electrical  signal 
which  is  displayed  on  an  oscilloscope  The  use  of  an  LCTV  as 
a  one  dimensional  SLM  yields  higher  niunerical  accuracy  and 
extended  dynamic  range  than  two  dimensional  SLM  applica¬ 
tions  of  the  same  equipment. 

SINGLE  SLM  JOINT  TRANSFORM  CORRELATORS 

Joseph  L.  Homer,  Rome  Lalx>ratory,  Electromagnetics  &  Reli 
ability  Directorate 

Patent  Numlx*r:  5,040,140 

Date  of  Patent:  Aug.  13,  1991 

Alistracl  -  A  simple,  low  cost,  high  performance  joint  Fourier 
traiLsfonn  correlator,  which  requires  only  a  single  spatial  light 
modulator,  is  disclosed.  Input  and  reference  images  are  re 
corded  ujx>n  a  single  phase  modulating  SLM,  and  a  lens  pro 
duces  a  first  joint  Fourier  transform  of  the  images  upon  an  elec 
iro-optic  sensor.  Tlie  first  Fourier  transform  is  binarized  aixl  re 
corded  u|xin  the  single  SLM  electronically,  and  tlie  same  lens 
^jToduces  a  second  Fourier  transfonn  to  fonn  an  image  correla¬ 
tion  signal  at  a  correlation  plane.  Also,  recordation  of  the  input 
and  reference  images  and  recordation  of  the  joint  Fourier  trans¬ 
fonn  ujxin  the  single  SLM  may  be  perfonned  optically  ratlier 
than  electronically. 
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NON-CONTACT  POLISHING 

Brian  S.  Aliem,  Rome  Laboratory,  Electromagnetics  &  Reli¬ 
ability  Directorate 

Patent  Number:  5,040,336 

Date  of  Patent:  Aug.  20,  1991 

Abstract  -  A  non-contact  polishing  apparatus  is  used  for  polish¬ 
ing  semi-conductor  planar  substances.  The  substrate  is  set  back 
from  any  surface  and  is  held  by  a  chuck  fixed  within  a  collar. 
This  substrate  holder  assembly  is  placed  within  an  enclosed 
container  that  has  a  non-abrasive  solution  therein.  The  con¬ 
tainer  is  mounted  to  a  high  speed  nutating  table  that  provides 
random  motion  to  the  holder  assembly.  This  action  provides 
isotropic  polishing  with  no  polishing  created  defects  on  the  sub¬ 
strate  surface. 

FIBER  OPTIC  CALIBRATION  STANDARD 
APPARATUS 

David  D.  Curtis,  Rome  Laboratory,  Electromagnetics  &  Reli¬ 
ability  Directorate 

Patent  Numlx'r:  5,056,915 

Date  of  Patent:  Oct.  15,  1991 

Abstract  -  A  fiber  optic  calibration  standard  apparatus  having  a 
fiber  optic  cable  pair  which  have  difference  in  length  of  one 
quarter  the  wavelength  of  the  applied  modulated  signal  and  are 
coupled  to  a  mirrored  reflecting  surface  to  provide  reflection 
reference  signals  that  are  utilized  to  generate  error  correction 
signals.  A  matched  tennination  has  one  end  of  an  optical  fiber 
sealed  in  a  vial  of  index  matching  fluid  to  absorb  the  optical 
power  incident  to  the  fiber 

HYBRID  CLUTTER  CANCELLATION  METHOD 
AND  SYSTEM  FOR  IMPROVED  RADAR 
PERFORMANCE 

Russell  D.  Brown,  Donald  D.  Weiner,  and  Michael  C.  Wicks, 
Rome  laboratory.  Surveillance  &  Photonics  Directorate 

Patent  Number:  5,061,934 

Date  of  Patent:  Oct.  29,  1991 

Abstract  -  A  system  is  disclosed  for  use  with  radar  systems  so 
as  to  reduce  the  dynamic  range  requirement  of  the  analog  to 


digital  converter  through  analog  clutter  cancellation  prior  to 
digitization.  Clutter  return  estimates  are  fonnulated  via  modem 
digital  signal  processing  tecliniques,  converted  to  analog  repre¬ 
sentation,  and  subtracted  from  the  received  wavefonn.  Typi¬ 
cally,  the  MTI  cancellation  is  performed  on  the  quadrature 
components  of  the  received  signal.  The  complex  residue  is  then 
processed  for  target  detection.  This  quadrature  processing  is  not 
illustrated  in  the  figures.  In  practice,  sampling  the  received 
wavefonn  prior  to  baseband  down  conversion,  at  an  intennedi 
ate  frequency,  is  also  feasible.  Digital  synchronous  detection 
and  coherent  MTI  processing  are  then  implemented  in  the  digi¬ 
tal  signal  processor.  Rather  than  employ  a  radar  signal  proces¬ 
sor  which  is  either  all  analog  or  all  digital  it  is  beneficial  to  uti¬ 
lize  hybrid  schemes  which  capitalize  on  the  advantages  of  both. 
A  hybrid  system  is  disclosed  in  which  the  acoustic  delay  line, 
which  fundamentally  limits  analog  MTI  canceller  perfonnance, 
is  replaced  by  a  digital  delay  line.  In  effect,  the  transmitter  crys¬ 
tal,  delay  mediiun,  and  receiver  crystal  are  replaced  by  the  ana¬ 
log  to  digital  converter,  digital  delay,  and  digital  to  analog  con¬ 
verter.  The  hybrid  clutter  canceller  with  digital  processor  and 
analog  wavefonn  synthesizer  utilizes  modem  signal  processing 
techniques  to  estimate  the  clutter  return  which  is  subtracted 
from  the  incoming  analog  signal.  The  full  dynamic  range  of  the 
received  signal  is  not  presented  to  the  analog  to  digital  con¬ 
verter,  reducing  the  number  of  bits  required  for  target  detection 
in  clutter.  In  effect,  application  of  the  hybrid  clutter  canceller  re¬ 
duces  the  A/D  converter  probability  of  saturation  for  a  given 
A/D  converter, 

ORTHOGONALLY  POLARIZED  QUADRAPHASE 
ELECTROMAGNTTIC  RADIATOR 

Michael  C.  Wicks  and  Paul  Van  Etten,  Rome  Laboratory,  Sur¬ 
veillance  &  Photonics  Directorate 

Patent  Number:  5,068,671 

Date  of  Patent:  Nov.  26,  1991 

Abstract  -  A  broadband  multi-element  antenna  having  desirable 
phase,  standing  wave  and  polarization  characteristics  is  dis 
closed.  Tire  antenna  is  arranged  as  a  plurality  of  airfoil  shaped 
elements  located  in  radial  planes  about  a  central  axis  with  the 
element  peripheries  collectively  defining  a  horn  shaped  sur- 
face-centrally  disposed  of  which  is  a  ground  plane  memlier  of 
preferably  truncated  conical  shape  which  includes  electrical 
feeding  arrangements  having  in  phase  and  out  of  phase  element 
coupling.  The  antenna  is  suitable  for  radar,  satellite,  and  other 
precision  uses  including  military  applications. 


COMPACT  2F  OPTICAL  CORRELATOR 


Joseph  L.  Homer  and  Charles  K.  Makekau,  Rome  Laboratory, 
Electromagnetics  &  Reliability  Directorate 

Patent  Niunber:  5,073,006 

Date  of  Patent:  Dec.  17,  1991 

Abstract  -  A  2f  Fourier  transfonn  optical  correlator  uses  two 
simple,  single  element  lenses,  with  the  second  lens  perfonning 
both  quadratic  phase  term  removal  and  the  inverse  Fourier 
transform  operation  in  a  compact  two-focal-length  space.  This 
correlator  performs  correlations  quite  well  and  uses  three  less 
lens  elements  than  a  prior  2f  system,  is  shorter  by  a  factor  of  two 
compared  to  the  standard  4f  system,  and  uses  one  less  lens  than 
the  3f  system,  while  still  retainitig  the  variable  scale  feature. 
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